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Abstract. The distribution and biophysical proper- 
ties of acetylcholine receptors were studied, using 
morphological and patch-clamp techniques, in adult 
rat skeletal muscle fibers dissociated by collagenase 
and maintained in culture. Up to ten hours after 
dissociation, there were no changes in either the 
distribution or the biophysical properties of junc- 
tional acetylcholine receptors. In long-term culture 
(5 to 14 days), a new type of acetylcholine receptor 
was inserted all over the muscle fibers; the channel 
properties were characterized by a longer open time 
and a smaller conductance, similar to what has been 
observed in in vivo denervated muscles. Using auto- 
radiography, we found that during culture an im- 
paired incorporation of new acetylcholine receptors 
in the former endplates caused a progressive de- 
crease in the density of junctional acetylcholine re- 
ceptors. This contrasts with muscle fibers dener- 
vated in vivo, where the density of receptors does 
not change after denervation. 
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Introduction 

There is compelling evidence that the distribution 
and biophysical properties of acetylcholine recep- 
tors (AChRs) in skeletal muscle fibers change follow- 
ing denervation. In particular, the AChR channels 
exhibit longer open time and smaller conductance 
and this is accompanied by their appearance along 
the whole fiber length, as indicated by electrophysio- 
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logical studies and a-bungarotoxin (aBTx) binding 
(Axelsson & Thesleff, 1959; Miledi, 1960a; Fam- 
brough, 1979; Schuetze & Role, 1987; Steinbach, 
1989). Three main mechanisms have been suggested 
to account for these changes: first, the existence of 
trophic substances, involved in the control of the 
phenotypic expression of the AChRs (Miledi, 1960a, 
b; Gutmann, 1976; McArdle, 1983); second, the in- 
activity of the muscle fibers, following removal of 
the nerve input (LCmo & Rosenthal, 1972); and 
third, nerve breakdown products, as important for 
the initiation and control of the denervation phenom- 
ena (Cangiano, 1985). Because of this complexity, 
it would be of great importance to have a preparation 
of muscle fibers in an adequately controlled environ- 
ment, in which postdenervation phenomena could 
be expressed. A preparation that meets this end is 
the suspension of adult muscle fibers (Bekoff & 
Betz, 1977). However, apart from a few previous 
works (Cull-Candy, Miledi & Uchitel, 1982a, b), the 
supersensitivity of ACh response and the biophysi- 
cal properties of long-term cultured adult muscle 
fibers have not been studied in detail. We have there- 
fore investigated the appearance of the postdenerva- 
tion changes of AChR in enzymatically dissociated 
skeletal muscle fibers maintained in cell culture with- 
out previous denervation in vivo, and we denote this 
procedure as denervation in vitro. 

We have monitored the ACh-activated channel 
properties and their distribution by electrophysio- 
logical and morphological methods in freshly dis- 
persed and cultured muscle fibers. After culturing 
muscle fibers for a few days, the ACh-activated 
channels acquire, in fact, properties that are de- 
scribed for the denervation in vivo. In contrast, un- 
der such conditions, we show that the density of 
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AChR accumulation is different to that observed in 
vivo. Preliminary accounts of some of this work 
have been given previously (Ruzzier & Grohovaz, 
1986; Ruzzier & Zorec, 1988; Ruzzier et al., 1991). 

Materials and Methods 

CELL CULTURE 

Experiments were carried out on male Wistar rats (100-200 g), 
killed by anesthetic overdose. Single muscle fibers were obtained 
from the M. flexor digitorum brevis, a fast-twitch skeletal muscle 
from the rear feet, according to a modification of the method of 
Bekoff & Betz (1977). Briefly, the muscles were dissected from 
the animal and placed in 35 mm Sterilin tissue culture dishes, in 
3 ml Eagle's Minimal Essential Medium (EMEM; Flow, UK) 
supplemented with horse serum (5% by volume; Flow), penicillin 
(100 U/ml), streptomycin (100/zg/ml) and 2 mrvi L-glutamine. To 
this medium, collagenase (Type 1, Sigma, St. Louis, MO; later 
on, Boehringer Mannheim, Germany) was added (3 mg/ml). No 
apparent differences of electrophysiological and morphological 
results were observed with the two commercial types of collagen- 
ase used. The muscles were incubated for 3 hr at 37~ in an air- 
5% CO2 incubator at 100% humidity, then washed in fresh EMEM 
and mechanically dissociated into single muscle fibers by repeated 
passages through Pasteur pipettes whose tips had been fire-pol- 
ished to produce openings of successively decreasing size. The 
isolated muscle fibers were then cultured at 37~ in plastic dishes 
for up to 2 weeks. 

AUTORADIOGRAPHY 

Dissociated fibers to be labeled with iodinated aBTx were washed 
in a mammalian Ringer solution containing (raM): NaC1 117, KCI 
5.4, CaC12 1.8, MgSO 4 0.8, NaH2PO4 1, glucose 5.5, HEPES 
buffer 10, adjusted to pH 7.3 by addition of NaOH. Fibers were 
subsequently incubated for 3 hr at 4~ to avoid internalization 
processes, in a Ringer solution containing 2/xg/ml [~zsI]aBTx 
(10-20/~Ci//xg; New England Nuclear, Boston, MA) and 5 rag/ 
ml bovine serum albumin (BSA; Sigma). After the incubation, 
the unbound toxin was removed by several washes with the 
Ringer solution, and Trypan blue (0.4 mg/ml; Sigma) was added 
in order to distinguish viable cells. Fibers were fixed for 1 hr 
at room temperature with 2% glutaraldehyde/2% formaldehyde 
(freshly prepared from paraformaldehyde) in 0.1 M sodium phos- 
phate buffer, pH 7.3, washed with 0.1 M sodium phosphate buffer, 
pH 7.3, and finally suspended in double distilled water. A thin 
layer of the suspension was laid on glass slides previously coated 
with a formvar film. The slides were air-dried, dipped in NTB-2 
emulsion (Eastman Kodak, Rochester, NY) at 45~ and exposed 
in the dark in dessicator boxes. Autoradiograms were developed 
at 21~ in D19 for 2 min, rinsed in water and then fixed in F5. 
Slides were washed in water, air-dried and observed with a dark 
field illumination in a Photomicroscope III (Zeiss, Milan, Italy). 

[MMUNOCYTOCHEMISTRY 

For immunostaining of AChRs, dissociated fibers were main- 
tained in culture for two hours, washed with Ringer and incubated 
for 3 hr at 4~ in a Ringer solution containing 2/~g/ml of highly 

purified aBTx (kindly provided by Dr. C. Gotti, CNR Ctr. Cyto- 
pharmacology, Milan, Italy) and 5 mg/ml BSA (Sigma). After 1 
hr fixation with 1% formaldehyde in 0.1 M sodium phosphate 
buffer, pH 7.3, the immunostaining was performed by an indirect 
procedure. After extensive washes in 0.1 M glycine-NaOH, pH 
7.3, and 0.1 M sodium phosphate buffer, pH 7.3, fibers were 
incubated for 1 hr with rabbit anti-c~BTx purified antibodies 
(kindly provided by Dr. C. Gotti), diluted 1 : 100 in a solution of 
5 mg/ml of BSA in 0.1 M PBS (phosphate-buffered saline), pH 
7.3 (BSA-PBS). Fibers were then processed at room temperature 
according to one of the two following schedules. (A) Light micros- 
copy: (1) 4 washes in BSA-PBS; (2) incubation with anti-rabbit, 
biotinylated species-specific whole antibodies (Amersham Inter- 
national, Amersham, UK) dilutes 1:100 in BSA-PBS; (3) 4 
washes in BSA-PBS; (4) incubation for 1 hr with Texas Red- 
streptavidin (Amersham) diluted 1 : 150 in BSA-PBS; (5) 4 washes 
in BSA-PBS. Single muscle fibers were mounted, under a dis- 
secting microscope, on glass slides in 95% (vol/vol) glycerol. (B) 
Electron microscopy: (1) 4 washes in BSA-PBS; (2) incubation 
with protein A-colloidal gold conjugated; (3) postfixation with 
2% OsO4 in 0.1 M sodium phosphate buffer, pH 7.3; (4) 4 washes 
in 0.1 M sodium phosphate buffer, pH 7.3. Single muscle fibers 
were subsequently processed for electron microscopy according 
to standard procedures. Silver-gray sections were cut with a 
diamond knife (Diatome, Bienne, Switzerland) on a Reichert- 
Jung Ultracut microtome (Reichert, Wien, Austria), and exam- 
ined with a H-600 Hitachi electron microscope (Hitachi, 
Tokyo, Japan). 

VIDEO1MAGING 

Muscle fibers were exposed to tetramethylrhodamine-aBTx dur- 
ing or immediately after enzymatic dissociation, washed in mam- 
malian Ringer solution and transferred on the heating stage of an 
inverted microscope (IM 35, Zeiss). Excitation light (50 W, Hg 
arc lamp) was reduced to 10% by inserting neutral density filters 
to preserve the long-term viability of fibers. Fluorescence images 
were collected by a highly sensitive Intensifier Silicon-Intensifier 
Target tube camera (2400-09, Hamamatsu Photonics, Japan) and 
fed into a videoprocessor (Argus 100, Hamamatsu). To improve 
the signal to noise ratio of the images, 32 frames were averaged 
each time. Background images were similarly obtained in out of 
focus condition, stored into a frame memory and then subtracted 
to obtain the final images. The excitation light was controlled by 
a shutter, operated by Argus 100, to reduce the light exposure 
of the fibers to the time strictly needed for image acquisition. Two 
trains of five averaged images were collected, in rapid sequence, 
immediately after dissociation and 6 hr later, respectively. Images 
from the same train showed highly consistent values of fluores- 
cence intensity, with no signs of definite trends, indicating negligi- 
ble photobleaching, while images from the two trains were sig- 
nificantly different. 

FREEZE DRYING 

Dissociated muscle fibers were fixed with 2% glutaraldehyde/2% 
formaldehyde in 0.1 M sodium phosphate buffer, pH 7.3, at 4~ 
After several washes in 0.1 M sodium phosphate buffer, the fibers 
were dehydrated through a graded series of methanol at 4~ laid 
onto low mass specimen carriers and rapidly frozen into a mixture 
of 75% propane and 25% isopentane cooled at -196~ (Jehl 
et al., 1981). The frozen specimens were transferred under liquid 
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nitrogen to a specially designed table and placed in a Cryofract 
190 freeze-fracture apparatus (Reichert Jung, Paris, France). The 
temperature was raised slowly from -130 to -50~ to maintain 
the vacuum at values better than 1 �9 10 -8 Torr. The total pressure 
and the water partial pressure were monitored by a quadrupole 
mass spectrometer (Anavac 2, VG Gas Analysis, Winsford, UK); 
when they reached a plateau at -50~ the temperature was 
lowered to -100~ and the specimen was shadowed without 
previous fracture. The platinum-carbon replicas were examined 
with an H-600 Hitachi electron microscope. 

S INGLE-CHANNEL RECORDING 

Experiments were performed in mammalian Ringer at room tem- 
perature (20-25~ under phase contrast illumination using a 
Zeiss IM 35 inverted microscope and objectives 2.5, 16 and 40x.  
Recording pipettes were pulled from borosilicate capillaries 
(GCI20F, Clark Electromedical Instruments, Reading, UK) on 
a modified vertical puller (Scientific & Research Instruments, 
UK) and heat-polished according to the methods of Corey and 
Stevens (1983). Pipettes, with a tip diameter of about 1-2/xm 
(resistances in the range 10-20 Mf~) were filled with 100 to 200 nM 
ACh (Sigma) dissolved in the bath solution (mammalian Ringer). 
Gigaohm-seal, cell-attached patches were obtained with conven- 
tional techniques (Hamill et al., 1981) with a home-made amplifier 
(SWAM II, Slovenia; Henigman, Kordag & Zorec, 1987) from 
synaptic and nonsynaptic patches of membrane. 

The current signal from the amplifier was stored on a VHS 
video recorder following pulse code modulation (modified 501ES, 
Sony) for subsequent analysis. Signals were low-pass filtered at 
3 kHz ( -3dB,  4-pole Bessel) and connected to the analog-to- 
digital converter CED 1401 (Cambridge, UK), sampled at 10-20 
kHz and stored on the computer hard disk (IBM PC compatible). 
Acquisition and analysis software was kindly provided by Dr. J. 
Dempster (Strathclyde University, Glasgow, UK). 

Single channel currents were analyzed with the program 
previously described (Dempster, 1989). The current amplitude 
distribution was determined to obtain the mean current amplitude 
value at different pipette potentials. Channel conductance was 
determined from the slope of the line obtained by linear regression 
or by estimation from the amplitude of the elementary currents 
and the driving potential which was taken to be equal to the 
pipette holding potential, assuming the reversal potential of 0 mV 
for ACh-activated channels (Ritchie & Fambrough, 1975; Hamill 
& Sakmann, 1981). The digitized record was reduced to a table 
of transition times and amplitudes by a routine of amplitude 
threshold analysis. The signal was scrolled until an amplitude 
greater than the threshold (30 to 50 % of mean elementary current 
amplitude) was detected. The apparent open time was defined as 
the duration of the event at one-third to one-half the mean ampli- 
tude current. A histogram was formed and an exponential distri- 
bution curve was fitted to the data, composed of one or the sum 
of two exponential functions. The minimum duration accepted 
in this analysis was 150/xsec (20 kHz sampling rate) and 300 
txsec (10 kHz sampling rate). Additional conductance states were 
not taken into account in such elementary current kinetic analy- 
sis, as the probability of observing these states was typically less 
than 3% of all channel openings. The probability of occurrence 
of an elementary current conductance state was calculated for 
patches with at least 100 openings, as Percentage of time spent 
in a particular state. In these estimates, the data from patches 
of membrane recorded at different holding potentials were 
pooled, as no apparent relationship was observed between the 
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percentage of time spent in a particular conductance state and 
pipette potential. All the data, when possible, are given as mean 

SEM. 

ABBREVIATIONS 
ACh acetylcholine 
AChR acetylcholine receptor 
BSA bovine serum albumin 
~BTx a-bungarotoxin 
EMEM Eagle's Minimal Essential Medium 
PBS phosphate-buffered saline 

Results 

DISTRIBUTION OF THE A C h R s  

Freshly dissociated fibers presented a pattern of dis- 
tribution of iodinated oLBTx binding sites similar to 
that previously described for innervated muscle la- 
beled in vivo (Hartzell & Fambrough, 1972). Viable 
fibers, as judged by the trypan blue exclusion test, 
showed a single heavy deposit of silver grain, usually 
in the proximity of the center of the fiber (Fig. 1A), 
indicating that extrajunctional AChRs were not de- 
tected (see also Ito et al., 1978). 

When dissociated fibers were cultured for up to 
14 days, the density of junctional AChRs progres- 
sively declined while extrajunctional AChRs in- 
creased, giving rise to a patchy or widespread distri- 
bution of silver grains (Fig. 1B and C). 

Similar results were obtained by measuring the 
extrajunctional sensitivity to ionophoretic ACh ap- 
plication (not shown; see also Bekoff & Betz, 1977), 
and by AChR fluorescent staining. In the junctional 
area of freshly dissociated fibers, this technique re- 
vealed the presence of tightly packed branches (Fig. 
1D and E). After two to six days in culture, this 
pattern was still recognizable, though with a more 
faint appearance (Fig. 1Fand G). In addition, at later 
times, numerous discrete patches of fluorescence 
appeared extrajunctionally (Fig. 1H). 

PROPERTIES OF SINGLE CHANNELS OPENED 
BY A C h  

Conductance 

In freshly dissociated muscle fibers, the former end- 
plate was easily identified, by phase-contrast mi- 
croscopy, as an optically distinct roughness of the 
fiber surface. The ACh-induced channel activity was 
investigated along the muscle fiber by the patch- 
clamp technique in the cell-attached configuration. 
With 200 nM ACh in the pipette-filling solution, chan- 
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Fig. 1. AChR labeling in freshly dissociated 
and in long-time cultured muscle fibers. 
Autoradiographs of freshly dissociated (A) 
and 14-day cultured (B and C) fibers reveal 
that [1251]c~BTx binding sites are, initially, 
strictly confined in a small area while, at later 
times, they are distributed along the entire 
fiber with a patchy distribution. Fluorescent 
staining of the fibers was done by an indirect 
procedure (see Materials and Methods, 
Immunocytochemistry). The endplate area 
pattern is recognizable immediately after 
dissociation (D and E) as well as after 2 (F), 
6 (G) and 14 (H, arrow) days in culture, 
although the fluorescent signal shows a 
progressive decrease. In addition, numerous 
discrete patches of fluorescent staining are 
evenly distributed on fibers maintained in 
long-term culture (H). Scale bar in C: 100/zm 
(A-C); bar in G: 20 tzm (D-G); bar in H: 
50/zm. 

nel activity was found in membrane patches from 
neither the extrajunctional area (n = 15) nor the 
perijunctional area (n = 4), while one or two chan- 
nels, as judged by the elementary current distribu- 
tion, were present in patches from the junctional 
area (n = 7). The probability of simultaneously ob- 
serving two events was typically around 0 to 2% of 
the duration of all elementary currents. The distribu- 
tions of elementary currents were well fitted by 
Gaussian curves (Fig. 2). In some experiments, a 
slight skewness of the elementary current amplitude 
distribution of the open ACh-activated channel was 
observed. These humps in the shape of the distribu- 
tion corresponded to additional class(es) of ACh- 
activated channels occurring with low probability 
(see below). Amplitudes of these events were mea- 

sured manually by inspecting the whole record in 
which skewness of the elementary current amplitude 
distribution was observed (Fig. 2B and C). The ma- 
jor amplitude class of ACh-activated channels in 
freshly dissociated muscle fibers had a conductance 
of around 75 pS (Table, Fig. 2A). Openings to only 
this conductance state were recorded in three out 
of seven patches. In the other patches there were 
elementary current events with a lower conductance 
of 53.5 + 4.7 pS (mean + SEM, n = 4 patches). In 
three patches (out of seven), the time spent in the 
lower conductance state was around 1% of all con- 
ductance states, whereas in one patch it was around 
9.5%, the rest being occupied by the 75 pS conduc- 
tance state. 

When muscle fibers were kept in culture from 
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Fig.  2. ACh-activated channel properties. Amplitude classes of ACh-activated elementary currents in muscle fibers freshly dissociated 
(A-C) and cultured for 9 (D-F) and 6 days (G). A, and D, representative current vs. voltage plot for elementary currents. Filled 
symbols indicate the major conductance class of ACh-activated elementary currents, which were present for more than 90% of time 
spent in any conductance state. Lines were drawn by linear regression. B and E show two representative amplitude distributions for 
elementary currents recorded at 60 mV pipette potential (442 and 502 current events were respectively used to construct the distribu- 
tions). Signals in all panels were acquired at 20 kHz and low-pass filtered (3 kHz, - 3  dB, 4-pole, Bessel). In B, Gaussian curves were 
fitted with 7.78 + 0.80 pA and 5.12 _+ 0.82 pA (mean -+ sD). The areas under the curves show that the larger amplitude class consisted 
of 1.65% of time of the record and that the lower amplitude class consisted of 0.14% of time of the record. In E the corresponding 
parameters were 5.50 -+ 0.67 pA with an area of 6.65% of time of the record and 7.90 _+ 0.55 pA with an area of 0.61% of time of 
the record. C shows typical current events with two amplitude classes in freshly dissociated muscle fibers (the same experiment as 
in B). F and G show typical amplitude elementary current classes in cultured muscle. Currents in F are from the same experiment 
as E. Trace in G is from a different patch. Note the three amplitude classes of which the lowest may form a subconductance state 
of the middle class, which was the most frequently observed, with a probability of more than 97% of time of the recording. Dashed 
lines in C and F are the means obtained in histograms B and E, respectively. 

5 to 14 days, the phase-contrast identification of 
endplate area became more difficult. Channel activ- 
ity was present in all regions of the fiber, as expected 
from the autoradiographic results described above, 
as well as from previous electrophysiological works. 

The major amplitude class of single ACh-activated 
currents had a conductance of around 49 pS (see 
Table, Fig. 2D). Openings to this conductance state 
consisted of 75 to 98% (91 + 4.5%, n = 5 patches) of 
the time spent in any conductance state. In addition, 
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there were openings to a higher conductance state 
of 68.5 _+ 4.8 pS (Fig. 2D-G),  which represented 
4.9 -+ 1.3% of time spent in any conductance state. 
A small conductance class of 26.9 -- 2. I pS was also 
observed, which represented 5.1 --- 2.6% of the total. 
These openings may correspond to a subconduc- 
tance state (Hamill & Sakmann, 1981; Auerbach & 
Sachs, 1984; Colquhoun & Sakmann, 1985; Hender- 
son, Lechleiter & Brehm, 1987) since they were 
occasionally seen as openings to or from the major 
conductance state (Fig. 2G). Such events were not 
observed for the 68.5 pS conductance class of single 
ACh-activated channels. The conductances of all 
these classes of single channel amplitudes, in freshly 
dissociated and long-term cultured fibers, were inde- 
pendent of the length of time of recording. 

Kinet ic  Propert ies  

Average duration of elementary currents was esti- 
mated for all conductance states in a patch. In long- 
term cultured fibers the average channel apparent 
open time was about 3 times longer than in freshly 
dissociated muscle (see Table, and also Henderson 
et al., 1987; Cull-Candy et al., 1982b). 

Mean apparent open channel duration depends 
on membrane potential. The voltage dependence in 
the form t(v ) = to" e (-vm) (Magleby & Stevens, 1972; 
Kordag & Zorec, 1984; Mishina et al., 1986) was 
thus fitted to the data, where t equals the average 
apparent open channel duration, to is the average 
apparent open channel duration at 0 mV, V is poten- 
tial in mV, and H represents the shift in membrane 
potential that causes an e-fold change in the mean 
open channel duration. It appeared that in the long- 
term culture, the average duration of ACh-activated 
elementary currents was less voltage sensitive in 
comparison with those in freshly dissociated muscle 
(see Table, Fig. 3A). This is consistent with a previ- 
ous report (Mishina et al., 1986; but see Cull-Candy 
et al., 1982b for human muscle fibers). 

The apparent open time distributions for chan- 
nels recorded in freshly dissociated and in long-term 
cultured fibers are shown in Fig. 3B and C. One 
exponential curve was found to best fit the histo- 
grams obtained in freshly dissociated muscle fibers 
(Fig. 3B), with an average time constant (z) of 2.0 -+ 
0.1 msec (n = 9). In experiments on long-term cul- 
tured muscle fibers the histograms were best fitted 
by the sum of two exponentials (Fig. 3C) with time 
constants: zl = 1.5 -+ 0.4 and ~2 : 6.8 -+ 0.7 msec 
(n = 9). It should be considered that the records 
were performed at a pipette potential of 60 mV, that 
may represent a more hyperpolarized membrane po- 
tential in freshly dissociated muscle fibers, because 

in freshly dissociated fibers resting potential (judged 
from the reversal potential of ACh-activated cur- 
rents) was -67  + 1 mV (n = 8), which is slightly 
more negative than in long-term cultured fibers, 
where it was -55  -+ 4 mV (n = 14) (see also Lee, 
Miledi & Ruzzier, 1987). 

AChR Density at the Former Endplate 

SHORT-TERM EFFECTS 

In a previous study (Bloch et al., 1986), collagenase 
treatment was reported to alter the organization of 
junctional AChRs immediately after dissociation. 
This was proposed to be a consequence of the diffu- 
sion of junctional AChRs aggregates in extrajunc- 
tional areas, where the fluorescence signal became 
appreciable. On the other hand, Jones and Salpeter 
(1983) reported that the postsynaptic AChR density 
was not altered up to 7 hr after collagenase treat- 
ment. To investigate the possibility of AChR disper- 
sion in our experimental conditions, we monitored 
by videomicroscopy the distribution of tetra- 
methylrhodamine-aBTx in identified endplates of 
living fibers (Fig. 4A), during the first few hours 
following enzymatic dissociation (see Materials and 
Methods). The fluorophore revealed the selective 
localization of the AChRs at the endplate, which 
remained apparently unchanged up to 6 hr after dis- 
sociation. Analyses of the fluorescence intensity val- 
ues, carried out in fibers immediately after collagen- 
ase digestion and 6 hr later, indicate that the intensity 
decreased up to 5% with time but was not accompa- 
nied by any concomitant increase of the signal in 
the perijunctional area (Fig. 4B). Fluorescence mea- 
surements, however, might not be sensitive enough 
to reveal a low degree of AChR dispersion from the 
endplate. The distribution of AChRs was, therefore, 
additionally studied at the molecular level by elec- 
tron microscopy. Single fibers were chemically fixed 
and rapidly frozen or processed for immunolocaliza- 
tion one to two hours after dissociation. Freeze- 
drying and shadowing were performed under high 
vacuum without previous fracture of the specimen 
(see Materials and Methods). Figure 5A shows a 
replica of the external surface of the plasmalemma 
where the postsynaptic area is depicted as a folded 
region featuring a large number of tightly packed 
protrusions (Grohovaz, Limbrick & Miledi, 1982). 
The transition from the junctional to the extrajunc- 
tional region is evidenced by the flattening of the 
surface and by the abrupt disappearance of junc- 
tional protrusions replaced by a population of very 
large particles. No class of particles displayed a gra- 
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Fig. 3. Kinetic properties of ACh-activated channels. (A) Voltage dependence of the average duration (t) of ACh-activated elementary 
currents in cell-attached patches of freshly dispersed muscle fibers (filled symbols) and muscle fibers kept in culture for nine days 
(open symbols) in semilogarithmic coordinates. Lines were drawn with parameters by fitting the data to the equation of the form 
try ) = t o �9 e I-vIm (see Results). Parameters for the two representative experiments are: in freshly dissociated fibers to1 = 0.85 _+ 0.09 
msec (mean -+ SEM), H~ = 89.1 _+ 7.1 mV, and in long-term cultured muscle to2 = 2.05 _+ 0.11 msec, H2 126.0 - 7.3 inV. (B) 
Representative histograms of elementary current durations in freshly dissociated muscle fibers and (C) in muscle fibers cultured for 
six days. Ordinate represents frequency of elementary events (states) occuring in time intervals of 0.95 msec. In B, the curve was 
drawn by fitting an exponential function to the data where the time constant is 2.4 msec. In C, the curve fitted to the histogram is a 
sum of two exponential functions with time constants of 0.8 and 6.4 msec. In both experiments the pipette potential was 100 mV. 
However, the potential across the patch may be higher in the freshly denervated muscle as in these cells reversal potential for ACh- 
activated channels is more negative by about 10 to 20 mV (see Results). 

Table. Conductance and kinetic properties of AChR-channels 

Experimental condition Conductance (pS)  Apparent channel 
mean +- SD open time 

(msec) mean -+ SD 

Voltage sensitivity 
(mV) mean -+ SEM 

Freshly dissoc, fibers (n = 7) 

Cultured fibers (n = 9) 

75.1 -+ 6.1 1.8 -+ 0.6 98.3 +_ 17.5 

48.8 -+ 8.6 5.0 -+ 0.7 142.0 -+ 22.4 

Average conductances and mean apparent channel open durations for ACh-activated elementary 
currents from freshly dissociated muscle fibers and fibers kept in culture for more than 4 days. Channel 
properties did not change with time in culture. The slope conductances were estimated by linear 
regression analysis of current-voltage plots of the major conductance class of elementary currents 
(see Fig. 2). The mean elementary current duration was estimated at 40 mV pipette potential. Voltage 
sensitivity was estimated by fitting the open duration data vs. membrane potential to the equation of 
Magleby and Stevens (1972, see  Materials and Methods). Membrane potential was assumed to be 
equal to the driving potential for current through ACh-activated channels, where the reversal potential 
was determined by linear regression from current-voltage plots as on Fig. 2. (n is number of patches.) 

d ien t  of dens i ty  in the pe r i junc t iona l  region.  In  
a g r e e m e n t  wi th  these  resul ts ,  the loca l iza t ion  of 
A C h R s  by  col loidal  gold i m m u n o l a b e l i n g  (Fig. 5B) 
showed  a d is t inc t  bo rde r  b e t w e e n  the cres t  of  j u n c -  
t ional  folds,  where  the label ing  was dense ly  packed ,  
and  the ex t r a junc t iona l  areas ,  where  no  i m m u n o -  
label ing  was  apprec ia ted .  T a k e n  together ,  all these  
resul t s  ind ica te  tha t  the dens i ty  grad ien t  of A C h R s  
at the bo rde r  of  the j u n c t i o n a l  a rea  is no t  d imin i shed  
immed ia t e ly  af ter  the d i ssoc ia t ion  of musc le  fibers,  

as a l ready suggested  by  the d iscre te  loca l iza t ion  of 
au to rad iograph ic  and  i m m u n o f l u o r e s c e n c e  label ing.  

L o n g - T e r m  E f f e c t s  

After  two to three  weeks  of i n  v i v o  d e n e r v a t i o n ,  
the dens i ty  of j u n c t i o n a l  A C h R s  does  no t  change  
signif icant ly (Salpeter  & Lor ing ,  1985; S hyng  & Sal- 
peter ,  1989; Fumaga l l i  et al. ,  1990). H o w e v e r ,  the 
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Fig. 4. Localization of ACh receptors in 
living fibers shortly after dissociation, c~BTx- 
tetramethylrhodamine staining was monitored 
by low-light videomicroscopy from a dark- 
field-identified endplate in A. B represents two 
plots of the fluorescence intensity, 
immediately after dissociation and 6 hr later. 
The intensity significantly diminished at the 
junctional area but did not increase, 
concomitantly, in the perijunctional area. 
Scale bars: 10 b~m. 

Fig. 5. Ultrastructural appearance of the 
sarcolemma contiguous with the postsynaptic 
region. (A) Replica of the external surface of 
a muscle fiber exposed by freeze-drying. After 
two hour dissociation, the postsynaptic 
(indicated by arrowheads) and perijunctional 
regions are still characterized by a folded and 
flat appearance, respectively. Note that the 
two regions are further differentiated by the 
presence of two distinct populations of 
intramembrane particles with dissimilar size 
and density. Numerous indentations in the 
sarcolemma are evident in the perijunctional 
region. (B) Electron micrograph of a thin 
section immunolabeted for the AChRs by the 
colloidal gold technique. Two hours after 
dissociation, AChRs are still densely packed 
alongside the crest of the postjunctional folds; 
the flat perijunctional area is completely 
devoid of labeling. Scale bars: A, 0.1 p,m; B, 
0.5/zm. 
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degradation rate shows a progressive increase with 
a q/2 change from 8-10 to 1 day. The density of 
junctional AChRs is therefore maintained by the re- 
placement of degraded AChRs by less stable AChRs 
on a one-to-one basis (Levitt & Salpeter, 1981; 
Shyng & Salpeter, 1989). At difference with these 
results, in our in vitro experimental conditions, the 
density of junctional AChRs progressively de- 
creased during the culture. To test whether replace- 
ment of degraded AChRs is still active after enzy- 
matic denervation, freshly dissociated fibers were 
incubated in 2 /xg/ml o~BTx for 3 hr. Under these 
conditions, AChRs were assumed to be quantita- 
tively saturated since, in a separate set of patch- 
clamp experiments, ACh-induced currents were 
completely blocked after one hour exposure to the 
toxin (see also Berg et al., 1972). After five days in 
culture, the fibers were exposed to [125I]aBTx. Fi- 
bers from the controlateral muscle were treated in 
the same way except that the initial incubation in 
o~BTx was omitted. 

The vast majority of the fibers preincubated with 
the nonradioactive toxin were devoid of silver grains 
(Fig. 6A), and the remaining fibers only displayed 
patches of grains (Fig. 6B) comparable to the extra- 
junctional aggregates present in the controlateral 
muscle fibers (Fig. 6C). Therefore, the labeling of 
new AChRs reveals an impairment in the replace- 
ment of junctional AChRs five days after dissocia- 
tion, i.e., at a time when, in our conditions, postde- 
nervation phenomena are fully expressed. 

Discussion 

The major finding of this work is that enzymatically 
isolated muscle fibers, when kept in culture, acquire 
properties similar to those observed after in vivo 
resection of the nerve (see also Bekoff & Betz, 
1977). This conclusion is based on the electrophysio- 
logical studies and the distribution of aBTx-labeled 
AChRs. The extrajunctional membrane areas of 
muscle fibers cultured for more than three days dis- 
played significant density of AChRs. This is in 
agreement with data obtained on muscle fibers de- 
nervated in vivo (Miledi, 1960a, b; Fambrough, 
1979). Interestingly, the appearance of extrajunc- 
tional AChRs after enzymatic nerve removal is com- 
parable to that described by Ko, Anderson and 
Cohen (1977), where random hot spots of AChR 
accumulation were observed. 

The study of single ACh-activated channel prop- 
erties extends these conclusions. Channel conduc- 
tance and kinetic properties changed as after in vivo 
denervation. In fact, we observed a decrease in the 
conductance of the major amplitude class of elemen- 

tary current events (from 75 to 48 pS) and, at the 
same time, an increase of the mean apparent channel 
open time (from 1.8 to 5.0 msec) (Cull-Candy et al., 
1982b; Henderson et al., 1987). The presence of two 
time constants in long-term cultured fibers may re- 
flect two distinct channel kinetic states, which are 
at least in part due to different channel amplitude 
classes (Henderson et al., 1987; Mulrine & Ogden, 
1989), but it could also reflect different kinetic states 
of the major conductance state (reviewed by Brehm 
& Henderson, 1988). Due to the low probability of 
occurrence of the high conductance state of ACh- 
activated elementary currents, we were not able to 
resolve this question. In long-term cultured muscle 
fibers, we resolved at least one subconductance level 
in ACh-activated elementary currents. The role of 
these subconductance states is not known; it may 
be due to the complex structure of the channels 
(Mishina et al., 1986) and/or to the putative existence 
of multiple types of subunits (Hartman & Claudio, 
1990). 

The only aspect of this "in vitro denervation" 
inconsistent with the results previously described in 
vivo is the observed decreased density of AChRs at 
the endplate area. In fact, after in vivo denervation, 
the total number of AChRs at the endplate was re- 
ported to remain unchanged for up to three weeks 
(Salpeter & Loring, 1985; Fumagalli et al., 1990). 
For this, the degradation of old junctional AChRs 
and the local incorporation of new receptors both 
increased to the same extent (Levitt & Salpeter, 
1981; Shyng & Salpeter, 1989). Two possibilities 
could account for the decreasing density of junc- 
tional AChRs observed in our experimental condi- 
tions : (i) increased lateral mobility of AChR com- 
plexes, due to the enzymatic treatment (Bloch et al., 
1986), and (ii) lack of replacement of the degraded 
junctional AChRs. It should be pointed out that frag- 
mentation of the endplate (Miledi & Slater, 1968) 
could be responsible for a partial shedding. 

If the decrease of junctional AChRs were deter- 
mined by their dispersion in the surrounding mem- 
brane, then the receptor density should exhibit a 
broad Gaussian distribution (peak in the endplate 
area) over the perijunctional region. This is clearly 
not the case, since neither a gradient of intramem- 
brane particles exposed to the surface by freeze- 
drying, nor a positive immunolocalization of AChRs 
were observed in the regions bordering with the 
postsynaptic area. A similar conclusion can be 
drawn from the experiments where rhodamine-la- 
beled AChRs were followed in living fibers at differ- 
ent times after enzymatic nerve deprivation. Neither 
dispersion nor redistribution of the fluorescence sig- 
nal was observed in the first hours after dissociation. 
Note that according to the first possibility, this pro- 



40 F. Grohovaz et al.: ACh Receptors in Culture 

Fig. 6. Autoradiographs showing the 
distribution of newly inserted AChRs in 
cultured muscle fibers. Original receptors of 
fibers A and B (but not C) were saturated 
with nonradioactive c~BTx at the time of 
enzymatic dissociation. After five days of 
culture, all the fibers were exposed to 
[125I]o~BTx. Control fibers show the usual 
dense aggregate of silver grains and, 
sometimes, additional aggregates along the 
fiber (C). Fibers preincubated with the toxin 
were generally devoid of silver grain 
precipitates (A), although some (B), 
occasionally, showed patches similar to those 
observed in the extrajunctional regions of the 
control (C). Scale bar in C: 100 p.m (A-C). 

cess would be expected to occur at a high rate. 
Our data are clearly incompatible with the marked 
decrease and blurring of AChR fluorescence ob- 
served by Bloch and co-workers (1986) in the hours 
immediately following collagenase treatment. It is 
unlikely that the enzyme concentration is the re- 
sponsible factor, since in our experiments the con- 
centration (I-3 mg/ml) was higher than that used 
in the study by Bloch et al. (1986), where AChR 
fluorescence changes were observed at concentra- 
tions as low as 0.4 mg/ml. The only explanation we 
can offer is the different toxicity and/or activity of 
types or batches of collagenase. However, the same 
batches of collagenase are no longer available and 
comparison is impossible. On the other hand, when 
AChRs were saturated by ~BTx immediately after 
dissociation, the incorporation of new receptors was 
absent or very small at the junctional area in the 
following days. Our results therefore suggest that 
the decline in the number of junctional AChRs we 
observed occurring at a slow rate during the culture 
period is due to an increased degradation of old 
receptors coupled to an impaired incorporation of 
new ones in the former endplate area. This conclu- 
sion contrasts with the results obtained in dener- 
vated muscles in vivo (Levitt & Salpeter, 1981). 
Since the dissociation procedure causes the enzy- 
matic digestion of the basal lamina (Betz & Sak- 
mann, 1973; Bekoff & Betz, 1977; Grohovaz et al., 
1982; Glavinovid, Lee & Miledi, 1987) it is tempting 
to suggest that the removal of associated proteins, 
like agrin, involved in the clustering of AChRs 
(McMahan & Wallace, 1989), might prevent the in- 

sertion or trapping of new AChRs in the postsynap- 
tic region. 

In conclusion, enzymatic denervation of adult 
muscle fibers seems to be a useful model for the 
study of postdenervation changes. In view of the 
three main hypotheses advanced to account for the 
expression of postdenervation phenomena, our re- 
suits seem consistent with the absence of nerve be- 
ing a sufficient trigger for the full expression of post- 
denervation changes in cultured muscle fibers. The 
activity (or rather inactivity; LCmo & Rosenthal, 
1972) of muscle fibers in culture cannot fully explain 
the development of postdenervation changes. In our 
conditions, we observed (data not shown) that cul- 
tured muscle fibers were spontaneously active (see 
also Lee et al., 1987). Moreover, nerve breakdown 
products (Cangiano, 1985) can be ruled out as major 
triggers of postdenervation phenomena, since mus- 
cle fibers were kept in culture medium, which was 
readily exchanged. 
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