
As a first step in defining the molecular cues that may be important for rein- 
nervation of long-term denervated muscle, single adult rat muscle fibers 
that had been denervated from 2 to 24 months in vivo were maintained in 
culture for 5 days. Embryonic ventral spinal cord explants were added to 
some of these cultures. Interactions of neurites with individual short-term 
(up to 5 months) and long-term (17-24 months) denervated muscle fibers 
were compared with neurite interactions in cultures of young adult muscle 
fibers (from 3 to 5-month-old rats) or aged muscle fibers (from 17 to 26- 
month-old rats). We found the following. (1) Three molecules that are found 
at the neuromuscular junction (NMJ)-acetylcholinesterase (AChE), acetyl- 
choline receptors (AChRs), and gelasmin (an acetylcholine receptor clus- 
tering factor that is found enriched at NMJ of adult muscle)-were reduced 
with increasing periods of denervation but not with aging. (2) The number of 
neurite contacts at junctional regions of muscle fibers that were formed and 
maintained on cultured muscle fibers depended on denervation time of the 
muscle in vivo; very few contacts were made or maintained on long-term 
denervated fibers. (3) Gelasmin, but not AChE or AChRs, was found at 
points of neurite contact on all muscle fibers examined, raising the possibil- 
ity that it may serve as a cue for reinnervation and that its loss from long- 
term denervated muscle may be, at least in part, involved in the failure of 
neurite contacts to be made or maintained in culture and possibly in vivo. 
Key words: muscle fiber culture denervation gelasmin acetylcholines- 
terase acetylcholine receptors 
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DENERVATED SINGLE MYOFIBERS: 
NEURITE INTERACTIONS AND 
SYNAPTlC MOLECULES 

JEANNE C. JAY, PhD, and KATE F. BARALD, PhD 

After nerves innervating skeletal muscle have 
been severed in vivo, muscle fibers can be 
reinnervated."10~'4 Considerable interest has fo- 
cused on the way in which nerves reinnervate 
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muscle after short times (days or weeks) without 
neural input (for a review, see Sanes and 
Covault"). However, after injury or in disease 
st.ates, muscle may be denervated for many 
InoIiths or perhaps years. In such cases, factors 
unrelated to the properties of the muscle itself, in- 
cluding t h e  degree oi' axon regeneration and the 
amount of connective tissue that is present, play a 
role in determining whether muscle and nerve 
will reestablish The condition of' 
the muscle fiber itself, including atrophic changes 
and the deleterious effects of inactivity, are, of 
course, also critical in determining whether and 
where nerves will form new synapses. 

Early studies of rabbit peroneal muscles 
showed that progressively longer periods of den- 
epation were related to altered patterns of rein- 
nervation and to reduction in functional 
recovery. l o  "tien rabbit perorleal muscles were 
deneryated for 1 month or less, 80% of the origi- 
nal endplates were reinnervated. However, in 
these studies, after progressively longer periods of 
denervation (5 months), only 25% of t,he original 
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endplates were contacted, and ectopic synapses 
were also found. The ratio of reinnervated origi- 
nal endplates to ectopic synapses was not given in 
this account. The relative importance of several 
factors that might have contributed to the success 
or failure of reinnervation was not assessed. Atro- 
phic or inactivity-induced changes in muscle fibers 
were not considered separately from variables 
such as increased amounts of connective and adi- 
pose tissue that might physically block nerve ac- 
cess. Furthermore, no attempt was made to iden- 
tify age-related alterations that might change the 
susceptibility of muscle to reinnervation. The mo- 
lecular cues that may be important for reinnerva- 
tion of denervated muscle are thus, as yet, uniden- 
tified. 

Studies of denervation and reinnervation at 
the molecular and cellular levels in vivo are ham- 
pered because the processes cannot be monitored 
closely and continuously over time and because 
the system is difficult to manipulate experimen- 
tally. In the study described in this report, we 
demonstrate that a tissue culture system provides 
a useful experimental model for the study of mol- 
ecules that may be important for reinnervation of 
young adult, aged, and both short- and long-term 
denervated individual muscle fibers. Such a sys- 
tem provides an initial means of assessment of 
molecules that might be involved in reinnervation, 
and a process for selection of those whose func- 
tional role in reinnervation can then be tested in 
vivo. 

MATERIALS AND METHODS 

Short- and LonPTerm Denenrated Fibers. Protocols 
for dissociation and preparation of cultures of 
aged and long-term denervated flexor digitorum 
brevis (FDB) muscles of- adult rats with or without 
embryonic spinal cord explants were the same as 
those used for young adult muscle fibers.” 
Briefly, single muscle fibers were obtained by dis- 
sociating muscle in a collagenase solution (600 U/ 
ml) in Dulbecco’s phosphate-buffered saline 
(PBS). PBS contained 2.7 mM KCl, 1.2 mM 
KH2P0,, 137 mM NaCl, 8.1 mM Na2HP0,.7 
H,O, 0.72 mM MgSO,, 0.16 rnlM CaCI,, and 49.4 
mM glucose. Muscle fibers were then plated in a 
Vitrogen gel (Flow Labs, McLean, VA). I Spinal 
cord explants were obtained from the ventral 
halves of spinal cords of 13- 14-day-old enibry- 
onic rats and were cultured for 2-5 days.” The 
initial neurite outgrowth was excised, and explant 
cores were transferred to I-day-old muscle fiber 
cultures. 

Denervation In Vivo. Flexor digitorum brevis 
(FDR) muscles denervated in vivo were obtained 
from Sprague Dawley rats (Charles River, India- 
napolis, IN) in which the sciatic nerve had been 
severed for as short a time as 2 months or as long 
as 24 months. FDBs were denoted “short- or long- 
term denervated” to differentiate them from 
FDBs removed (and therefore denervated) imme- 
diately prior to culture from either young adult or 
aged rats. For leg muscles denervated from 2 to 7 
months (short-term denervated), denervation in- 
volved severing the sciatic nerve at the sciatic 
notch in male Sprague-Dawley rats (175-250 g). 
Approximately I cm of the nerve was removed 
from the distal stump. The proximal stump was 
reflected and sutured into the skin. Denervation 
was either bilateral or unilateral. In cases where 
one leg was denervated, FDB fibers from the 
contralateral innervated leg were placed in cul- 
ture as age-matched controls. Since regenerating 
nerves might have entered the distal nerve 
sheath, limb muscles were tested for possible 
reinnervation immediately before removal of 
muscles. The remainder of the sciatic nerve distal 
to the level of denervation was stimulated, and 
lower limb muscles were examined for any signs 
of contraction. Muscles that showed contractile 
activity were discarded. After behavioral observa- 
tions were completed, one or more muscles were 
removed from the anterior and posterior com- 
partments. 

Frozen unfixed sections were stained for the 
presence of nerves; absence of nerves was noted 
in all muscles taken from rats used in these stud- 
ies. For leg muscles denervated for 24 months, 
the sciatic nerve in male Wistar-Fisher 455 rats 
(from the rat colony, Department of Biology, 
University of Michigan) was cut in two places: at 
the level of the sciatic notch and more distally: 
2.5 cm of nerve was removed from between the 
cuts. The proximal stump was sutured and im- 
planted into a hip muscle; the distal stump was 
also sutured to prevent possible reentry of nerves. 
Nerve stimulation of the leg which contained den- 
ervated muscle was done 2 months prior to sacri- 
fice of the animal. At the time no indication of leg 
movement was noted. All of the experiments de- 
scribed in this report were carried out according 
to the National Research Council Guide for the 
care and use of laboratory animals and under the 
veterinary care and supervision of the University 
of Michigan Unit for Laboratory Animal Medicine 
in the laboratory of Dr. B. M. Carlson. 

Data from short- and long-term denervated 
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muscle fibers were divided into 3 groups: ( 1 )  fi- 
hers assayed from muscle denervated for 2-3 
months and obtained from 5 animals was com- 
bined with data from muscle denervated for 4-5 
months from 8 animals, because the data were 
similar for all muscles denervated from 2 10 3 
months; (2) 6- 7-month denervated muscle was 
obtained from 11 animals; (3) 17-24-month de- 
nervated muscle was taken from 5 animals. 

other stain or irnrnunoglobulin arid then rephoto- 
graphed. 

Acri3’lcholznPcterase. Cultures were treated with a 
modified Karnovsky stain” to reveal AChE. The 
staining solution was removed after 5 hours and 
Icplaccd with PBS. Specific inhibitors of AChE 
and nonspecific esterase have been used to ensure 
that only true AChF, was being examined. Fibers 
were then located t)v means of a grid, examined 

Fiber Viability. Two mt:thods were used for as- 
sessing fiber viability. 411 cultures were initially 
stained with 0.1% trypan blue which is excluded 
by viable cells,s”6 Cultures were examined with a 
Leitz Diavert microscope equipped with phase 
contrast optics. Phase contrast criteria included 
the presence of clear striations and peripherally 
located nuclei. However, nol all muscle fibers that 
had been denervated for longer than 5 months 
and that excluded trypan blue met all phase con- 
trast criteria for viability; therefore, phase contrast 
criteria were used in assessing viabiliiy of these fi- 
bers. 

Localization of Acetylcholine Receptors, Acetylcho- 
linesterase, and Gelasmin. Cultures were fixed 
for 30 minutes in Liebowitz (L-15) (GlBCO, 
Grand Island, NY) medium-based fixative con- 
taining 0.15% glutaraldehyde and 2% formal- 
dehyde.I7 After fixation, cultures were rinsed with 
PBS (see above) and then with PBS containing 1% 
bovine serum albumin (BSA). 

Acetylcholine Receptors. To visualize AChRs, cul- 
tures were incubated for l hour at room tem- 
perature wit.11 1 x 10-sM rhodamirie-conjugated 
alpha-bungarotoxin (R-BTX). Cultures were then 
rinsed with PBS-I’j% BSA followed by PBS. 
Fibers were exaniinctl for R-BTX binding sites, 
with the use of an oil immersion (63x) objective, 
on a Leitz Diavert microscope equipped for in- 
cident illumination wit.h narrow-band filter com- 
binations selective for tet ramet~iylrhodamine or 
fluorescein isothiocyanate (TRITC or FITC; Vec- 
tor Labs, Burlingame, CA, or Sigma, St. I,ouis, 
MO). Photographs were taken using Kodak 
Ekt.achromc 400 ASA film; the ASA was set at 
200 with a Leitz Vario-Orthornat. Rhodamine 
alpha-bungarotoxin was prepared according to 
the method of Ravdin and Axelrod.l8 Alpha- 
bungarotoxin was obtained from Riotoxins, lnc. 
(St. Cloud, FI,). By noting the location of any 
given fiber with the stage micrometers, the same 
fiber could be relocated after application of any 

for distribution of AChE, and photographed. Via- 
ble fibers were liewed with a 50x oil-immersion 
objective in an inverted phase contrast/ 
fluorescence microscope. 

Confirmation of the presensce of junctional 
AChE and AChRs was made on undissociated 
aged and short- and long-term denervated mus- 
cle. Preparations of fresh muscle were placed on 
4 j  x 60 mni cover slips. After the medium was re- 
moved, fibers were stained either with R-BTX to 
reveal AChRs or uith a modified Karnovsky stain 
for AChE: activity.” 

Gelasmzn. A monoclonal antibody to gelasmin, 
SBL-1,’32 was used at dilutions of 1/500 to label 
cryostat sections of FDB muscle as well as cul- 
tured FDB fibers. Rhodamine-bungarotoxin 
(1 0- M )  was used simultaneously to stain AChR 
at neuromuscular junctions (NMJs) some of 
which had been previously stained for AChE 
activity. After extensive washing in PBS contain- 
ing 1% BSA, a second step rabbit antimouse IgG 
conjugated with fluorescein at lil00 (Cappel 
Labr, Mdlvern, PA) was used. Controls, includ- 
ing a monoclonal antibody to non-endplate basal 
lamina called E J B L - ~ ~ ~ ’  as well as omission of 
the primary and secondary antibodies, were also 
performed. Both freshly dissected FDB muscles 
arid cultured individual muscle fibers were 
stained. 

Determination of Frequency of Neurite Association 
With Junctional and Extrajunctional Regions of Mus- 
cle Fibers. The number of neurites associated 
with the former junctional and extrajunctional re- 
gions of the individual muscle fibers was deter- 
mined with the use of Smith interference contrast 
optics on a Leitz 1)iavert microscope. Muscle fi- 
bers in which the junctional region could he iden- 
tified by AChE localization and which were not 
contracted in the junctional or adjacent extra- 
junctional regions were selected. An ocular mi- 
crometer with a l mni2 grid, which was subdi- 
vided into 0.1 mm2 units, was positioned over the 
muscle fiber so that the junct.iona1 region was to- 
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Table 1. Morphological properties and synaptic molecules on short- a i d  long-term denervated muscle fibers prior to culture 

AChE AChR 

Description of fibers J* EJt J EJ Gelasmin$ Cross strialions Nuclei 

Young adult (3-5 months) + 0 t 0 + Distinct Peripheral 
Aged (17-24 months) + 0 t 0 + Distinct Peripheral 
Denervated 

2 months + 0 t 0 + Distinct Peripheral 
7 months + Few§ t Few Few Distinct Peripheral 
17 months + Some11 i Many - Indistinct Some central 

~ Most central 24 months Few ManvT Most# Indistinct - 

‘ J  = ]unctional 
fEJ = extrqunctronai 
#Gelasmin was found only in the junrbonal regon, except on aged fibers where rt was always J dnd sometrmes also €J 
§Few irbers in the culture have this cliaracteristic 
I/ Some frbers hdVe this characteristic but most do not 

l lMaiy iibers in the culture have this characteristic 
#Most iibers in the culture have this characteristic 

tally enclosed within a unit. All of‘ the 0.1 mm2 
units along the entire length of the muscle fiber 
were then counted by placing the edge of the 
grid against the side of the fiber initially con- 
tacted by neurites from the explant. The whole 
length of the fiber, including the .junctional re- 
gion, was assayed. The fibers ranged in length 
from 1.8 to 3.1 mm. The distance from the cen- 
ter of the explant t.o the center of the muscle fi- 
ber was also measured. 

Comparisons cited are among fibcrs within 20” 
of the perpendicular to the main vector of the 
centrally located explant. Fibers that were more 
than 20” from the perperidicular were riot 
counted. Neurites in junctional or extrajunctional 
“units” of the grid were counted by first focusing 
on the plane of the upper surface of the muscle 
fiber. Focusing and neurite counting were contin- 
ued until the lower surface of the muscle fiber was 
reached. Total distance between upper and lower 

fiber surfaces ranged from 45 to 55 pm. Neurites 
assigned to the synapse itself in the junctional rc- 
@on were those in the focal plane of the entlplate; 
endplates essentially filled the 0. I inm2 unit. Cul- 
tures were removed for fixation and processing at 
2 4 -hour intervals . 

Statistics. Statistical analysis was performed us- 
ing the Kruskal-Wallace (K sample) test for non- 
paramctric number distributions, P i 0.0j.23 
Young adult and aged muscle cultures in the ab- 
sence or prcsence of nerve were compared at sim- 
ilar time points to determine whether the pres- 
ence of neurites near muscle fibers influenced the 
distribution of these molecules (J.C. Jay and K.F. 
Barald, “hfaintenance of neurite contacts at junc- 
tional regions of cultured individual muscle fibers 
froin aged rats is correlated with the presence of a 
synapse-associatcd protein, gelasmin,” :bZechanUms 
o j  A g n g  crnd Dezir?lop7nent 1989, in press). 

Table 2. Morphological properties and synaptic molecules on short- and long-term denervated muscle fibers in culture 

Description of fibers Viability‘ (%) Cross striations Nuclei Morohological characteristics 

Young adult (3-5 months) 76 Distinct Peripheral Same as in vivo 
Aged (17-24 months) 71 Distinct Peripheral Same as in vivo 
Denervated 

2 months 63 Distinct Peripheral Reduction in fiber diameter 
7 months 62 Distinct Peripheral Reduction in fiber diameter 

17 months 51 Indistinct Some central Reduction in fiber diameter 

24 months 33 Indistinct or absent Most central Reductions in fiber diameter 

constrictions in fibers 

constrictions in fibers 

constrictions in fibers 

*Percent of viable fibers in the culture 
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RESULTS 

AChE, AChR, and Gelasmin on Short- and Long-Term 
Denervated Muscle Fibers Prior to Culture. Prior to 
culture, samples of undissociated muscle fibers 
were assayed for AChE, AChRs, arid gelasmin in 
fresh-squash preparations of teased fibers com- 
pressed between a slide and a cover slip (see Table 
1). As indicated in Table 1, aged and short-term 
denervated fibers (in this case denervated for 2 
months) had junctional AChE, AChRs, and gelas- 
min cornparable to young adult control fibers that 
were obtained from muscle in iinoperated legs. 
With progressively longer periods postdenerva- 
tion, loss of gelasmin was seen first (by 3-7 
months), then appearance of ext.rajunctiona1 
iZChE and AChKs (4-7 months), followed by loss 
of these molecules from the majority of endplates 
(17-24 months). This loss is especially notable 
when contrasted with the retention of all three syn- 
aptic molecules examined at the junctions of aged 
(24- 26 months) but not deriervatcd FDB muscle 
fibers. 

FIGURE 1. Comparison of AChE and AChRs at synaptic re- 
gions on young adult, aged, and short- and long-term dener- 
vated muscle fibers at 4 days in culture. Although AChE gener- 
ally persisted at endplates, R-BTX fluorescence was dim and 
covered less of the junctional region on young adult and 2-5- 
month denervated fibers. In contrast, aged muscle fibers cul- 
tured for 4 days maintained R-BTX fluoresence. (a) Four-day 
cultured young adult muscle fiber. Note AChE at endplate 
(brackets). (b) Same fiber as in a, R-BTX fluorescence. (c) 
Four-day cultured aged muscle fiber. Note AChE at the synaptic 
region (between arrows). (d) Same fiber as in c. Note R-BTX flu- 
orescence (between arrows) corresponds to, and is as large as, 
the area covered by AChE stain in c. (e) Four-day cultured fiber 

Cultures of Short- and Long-Term Denervated Muscle 
Fibers. 'The properties of cultured fibers from 
yourig adult animals, aged animals, and animals 
whose muscles were denervated for various peri- 
ods of time are summarized in Table 2. Cultures 
of short- or long-term denervated muscle had 
fewer viable fibers than those prepared from 
young adult or aged muscle, especially after 5 
months of denervation. Photographs of represen- 
tative fibers from these cultures can be seen in Fig. 
1. The general observations from these compara- 
tive experiments are as fol~ows. ( 1 )  The culture 
environment accelerates the appearance of extra- 
junctional AChE and AChR (Fig. 2) and subse- 
quently speeds the loss of these molecules from 
endplates, except those of aged muscle fibers. (2) 
Culturing the fibers hastens the loss of gelasmiri 
from end plates o f  all muscle fibers except those of 

from muscle that had been denervated for 5 months prior to cul- 
ture The endplate area (between arrows) has AChE stain (f) 
Same fiber as in e, R-BTX fluorescence Note that a smaller 
area (between arrows) than that covered by AChE in e has 
AChRs (g and h) Muscle denervated for 24 months in vivo after 
1 day in culture AChE stain was less intense compared with 
that on the young adult, aged, and short-term denervated fibers 
above Areas of R-BTX binding sites that were colocalized with 
AChE but smaller than endplates (brackets) had extremely dim 
R-BTX fluorescence (not shown), (9) several nuclei remain at 
the endplate (h) The remnants of postsynaptic folds on a fiber 
similar to that in g were outlined by AChE stain but had no 
AChR Bars = 20 prn 
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FIGURE 2. Extrajunctional AChRs and AChE on short-term denervated muscle fibers. (a) Four-day cultured fiber from muscle dener- 
vated 4 months prior to culture. AChE activity (arrows) was localized at areas of myonuclei that bulged from the muscle fiber surface. (b) 
The same fiber as in a. Areas of R-BTX fluorescence were colocalized with AChE patches seen in a. (c) Another muscle fiber from the 
same culture as the muscle fiber in a. A small area of AChE stain (arrow) was not colocalized with a myonucleus. (d) Same fiber as in 
c. R-BTX binding sites were not colocalized with AChE on this fiber. Extrajunctional AChRs were observed as patches of fluorescence 
that were variable in size and shape. Bars = 20 pm. 

aged muscle which retain all of the three junc- 
tional molecules. In muscle denervated for 17-24 
months these molecules have, in general, been lost 
prior to culture (see above and Table I). ( 3 )  After 
7 months or more of denervation, morphological 
abnormalities were also seen in muscle fibers (Ta- 
ble 2 arid Fig. 1). Some very long-term denervated 
hbers had only faint outlines of postsynaptic folds 
(Fig. lh). Occasiondlly, a cluster of from four to 
eight nuclei was also found in this area (Fig. lg). 
Compare the well-defined structure and size of 
endplates on cultured aged fibers to the less-struc- 
tured junctional regions on short- and long-term 
denervated cultured muscle (Fig. 1). 

The decreasing ability of cultured muscle 
fibers to maintain endplate AChE and AChRs 
was related to the length of time muscle was de- 
nervated in vivo. All 2-5-month (short-term) de- 
nervated fibers had both junctional AChE and 
AChRs when placed in culture at 0 hour, where- 
as 61 * 7% (SEM) of 6-7-month and only 8 -C 2% 
of 17-24-month denervated fibers had colocalized 
AChE and AChRs at the NMJ. After 4 days in 
culture, although 74 ? 4% of young adult fibers 
had junctional AChE, with increasing time a'fter 
denervation in vivo, the number of fibers with 
junctional AChE decline; 61 -C 7% of 6-7-month 
denervated fibers retained junctional AChE, but 
only 34 2 7% of the fibers in 17-24-month den- 

ervated muscle cultures retained this molecule. 
This was only half the number seen in control 
young adult cultures. On the other hand, in cul- 
tures of muscle t'rom aged animals (26 month), 98 
2 1 %  of the fibers had junctional AChE. Extra- 
junctional AChE and AChRs also appeared on 
short-term denervated fibers (Fig. 2). Even with 
increasingly longer periods of (hervat ion,  junc- 
tional AChE persisted on more fibers than did 
junctional AChRs (Fig. 3 ) .  

Gelasmiri pesisted at junctions of young adult 
muscle and aged muscle throughout the 5 day 
culture period, but was generally absent. from 
junctional regions of muscle fibers denervated 
over 4 months. Only 35% of muscle fibers dener- 
vated 6-7 months had gelasmin at their end- 
plates. Only 3$& of fibers denervated for 24 
months had gelasmin at their endplates (see Figs. 
4 and 5). 

Comparison of Short- and Long-Term Denervated 
Muscle Cultures with Aged Muscle Cultures. We 
attempted to determine which of the deleterious 
changes in endplate moleculcs that we observed 
in vivo and in culture were attributable to dener- 
vatiori and which to aging, especially in compari- 
sons of 24-month denervated muscle with muscle 
from comparably aged but not denervated ani- 
mals. The general observations in these studies 
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Distribution of AChE on Short- and Long- 
Term Denervated Muscle Fibers (Day 1) 

FIGURE 3. AChE and AChRs on muscle fibers in culture at day 1 in the absence of spinal cord explants. (A) The percent of fibers with 
junctional AChE (solid bars) or no AChE (shaded bars) are illustrated; note that the number of fibers without AChE at the junction in- 
creases markedly with time of denervation. (6) The percent of fibers with junctional AChRs. Note that these fibers decrease with in- 
creasing times of denervation. 

(Figs. 2-7) are that the loss of junctional mol- 
ecules is correlated with denervation but not 
aging. 

Neurite Interactions With Cultured Fibers. Inter- 
actions of neurites with young adult, aged, and 
short- and long-term denervated fibers is illus- 
trated in Figs. 6 and 7. Initially, spinal cord neu- 
rite outgrowth was similar in all types of nerve 
muscle cocultures. There was no evidence that the 
length of time of denervation affected initial out- 
growth of neurites from the explants in muscle fi- 
ber cultures. However, although neurite contacts 
on young adult fibers, aged fibers, and short-term 
denervated fibers (up to 5-6  months) were pro- 
fuse on days 1 - 2 in both the junctional and extra- 
junctional regions of these fibers (Fig. 6), this was 
not true of long-term denervated fibers. Neurites 

in cultures of muscle prepared from muscles de- 
nervated 6 months or more grew above and below 
the long-term denervated muscle fibers, but few 
made contact, even at early times (days 1 - Z), in ei- 
ther the junctional or extrajunctional regions of 
the fibers (Fig. 6). 

Neurite contacts in the former junctional re- 
gions persisted longer than extrajunctional con- 
tacts on young adult, aged, and short-term dener- 
vated fibers (Fig. 6). In these studies, essentially all 
of the rieurite contacts that persisted through the 
5-day culture period were found in the former 
junctional region, which could be identihed mor- 
phologically by the presence of synaptic folds and/ 
or localized AChE, except that more EJ contacts 
remained on aged fibers. 

I n  cultures of long-term denervated fibers, 
however, two striking differences were found. 
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FIGURE 4. Gelasmin on young adult, aged, and long-term denervated muscle fibers (obtained from a 26-month-old rat whose muscle 
was denervated 24 months prior to culture). (a and b) A young adult FDB muscle from a 7-month-old rat was cross-sectioned through 
the junctional areas of several muscle fibers; in a the fibers are stained with R-BTX for AChR, and in b they are stained with the mono- 
clonal antibody to gelasmin, SBL-1, and a second step rabbit antimouse IgG antibody conjugated with fluorescein. Fibers were viewed 
with the appropriate epifluorescence optics. Note the colocalization of the AChR and gelasmin on these fibers. (c) A fresh squash of 
aged (24 months) FDB muscle fibers prepared as described in the text was stained for gelasmin with the monoclonal antibody SBL-1 
and the second step antibody as described in b. Note the elaborate neuromuscular junction indicated by the arrow; compare this junc- 
tion with the large junction seen in Fig. 1 a. (d) A fresh squash of long-term (17 month) denervated muscle is seen. This preparation has 
been stained with the modified Karnovsky procedure for AChE, and several small deposits can be seen as concentrations of black 
spots. However, no gelasmin is seen on these fibers (e) after staining with SBL-1 and the appropriate second step antibody. No AChRs 
were present on these fibers (not shown). Bars = 50 pm. 

Numbers of contacts at all times in both junctional 
and extrajunctional regions of the muscle fibers 
were far fewer than those in any other type of cul- 
ture, including those from comparably aged but 
not denervated muscle fibers (Fig. 6). In  addition, 
there was lirtle difference between numbers of 
contacts seen in junctional vcrsus extrajunt:t.ional 
areas with time, although consistent differences 
between numbers of contacts in these two regions 

were seen in all other types of‘ muscle fiber cul- 
tures, including aged muscle fibers. 

Correlation of Contact Points with Gelasmin. 
When the contact points of all the cultures were 
examined for the three “synapse-specific” mole- 
cules examined in this study, another striking dif- 
ference was noted. The presence of AChE and 
AChKs at contact points was variable in all cul- 
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Muscle Source 
17-24 Mo Denervated 

FIGURE 5. Comparison of gelasmin distribution on fibers just prior to culture and after 1 and 5 days in culture. 

Neurite contacts on young adult muscle fibers Neurite contacts on aged muscle fibers 

Neurite contacts on 2-5 month denervated muscle fibers Neurite contacts on 6-7 month denervated muscle fibers 

FIGURE 6. Distribution of neurite contacts on (a) young adult fibers in the junctional and extrajunctional regions, (b) aged fibers, (c) 
2-5-month denervated fibers, (d) 6-7-month denervated fibers, and (e) 17-24-month denervated fibers. 
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FIGURE 7. Neurite interaction with young adult, aged, and long- 
term denervated muscle fibers as viewed with Smith interfer- 
ence optics and subsequent staining of the fibers for gelasmin 
with the monoclonal antibody SBL-1 as described in the text. 
Spinal cord explants were added to cultures containing muscle 
fibers that had been in culture for 1 day. (a) Young adult mus- 
cle fiber. A neurite (arrow) was observed crossing the muscle 
fiber surface near the endplate (brackets). This 3-day nerve- 
muscle culture contained explants that had been present for 2 
days. Insert: gelasmin staining at the junction viewed after 
staining with SBL-1 and a fluorescein-conjugated rabbit anti- 
mouse second step antibody viewed with appropriate epifluo- 
rescence optics for fluorescein. (b) Aged muscle fiber. A neu- 
rite (arrow) traveled close to the junctional region (brackets). 
This 5-day nerve-muscle culture contained explants that had 
been present for 4 days. Insert: the presence of gelasmin, re- 

tures, regardless of the history of the muscle fi- 
bers. Although the iiuniber of neurite contacts 
that ~7e1-e maintained in junctional regions of 
muscle fibers from young adult, aged, and short- 
and long-term denervated muscle were inversely 
proportional to the length of denervation time, 
we found that gelasmin was present at all sites of 
neurite contact regardless of the age or denerva- 
tion history of the muscle fibers (Fig. 7). Gelasrriiri 
was present even in the absence of AChE (Fig. 7 ) .  
It was also present at a few junctional regions that 
were not contacted by neurites in all of the cul- 
tures. 'I'he number of fibers with gelasmin in 
long-term denervated cultures was far fewer than 
in any other culture type (Fig. 7), although gelas- 
min was present on those very few fibers that had 
nerve contacts (Fig. 7). Gelasniin was present at 
former junctional regions. When muscle is dener- 
vated for long periods of time, gclasmin disap- 
pears from the former NMJ; this disappearance is 
correlated with the altered nerve-muscle inter-ac- 
tions seen in  culture. 

DISCUSSION 

One important finding of these studies is that the 
denervated FDB culture model mirrors the events 
seen in vivo afler denervation of adult rat muscle. 
In general, ~ 7 e  saw effects on AChE and AChRs 
that arc in accord with previous findings of others 
in vivo and in vitro. Our finding, that AChE per- 
sists at the NMJ of both freshly isolated and cul- 
tured FDU fibers longer than AChRs, agrees with 
observations that AChE remains longer than 
AChRs at denervated endplates in the cat arid 
frog. 1 2 m  Although the appearance of extrajunc- 
tional AChE and AChRs does not occur as rapidly 
in the FDB as in other muscles in vivo (see the sec- 
tion on muscle fibers prior to culture), their loss 
is correlated with length of denervation in vivo. 
?'he alterations at the molecular level that are re- 
sponsible for loss of acetylcholine receptors before 
disappearance of AChE from endplates are pres- 
ently not known. However, these changes are 
clearly enhanced by progressively longer periods 

vealed by SBL-1 staining at the junction. (c) Six-month dener- 
vated fiber. Neurites (arrows) were observed traveling above or 
below the muscle fiber surface, but many fewer neurites make 
contact with such muscle fibers. This nerve-muscle culture was 
5 days old. AChE was present at the junctional region 
(brackets); gelasmin staining was seen at the junction (insert). 
Endplates on all fibers were located by the presence of raised 
postsynaptic folds and/or AChE prior to localization of gelasmin. 
Bars = 20 pm 
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of denervation and are also accelerated in culture, 
making the culture model an especially useful tool 
for the study of the mechanism(s) of their dis- 
appearance. The general conclusion of these ex- 
periments is that the presence of AChE and 
AChRs at nerve-muscle contact points is variable; 
therefore, these molecules are apparently not 
good candidates as molecular cues €or reinnerva- 
tion. 

The results of these studies are, however, con- 
sistent with the possibility that gelasmin, or some 
similar molecule, may serve as a reinnervation 
clue for a returning nerve and that reinnervation 
may be dependent on its presence. We found 
that the synapse-enriched 93 kD glycoprotein, 
gelasmin, which we have studied extensively,'~' 
was present at all sites of neurite contact in cul- 
tures of young adult, aged, and short- and long- 
term denervated muscle alike. Furthermore, the 
presence of gelasmin was well correlated with the 
success of neurite-muscle contact forrnation and 
persistence in these cultures. Gelasmin was 
present on some muscle fibers, even long-term 
denervated muscle fibers, in cultures without 
neurites. We believe from previous studies',' as 
well as these studies that gelasmin is a product of 
the muscle and not the nerve. Its loss from de- 
nervated fibers probably reflects the need for ei- 
ther trophic or electrophysiological neural input 
or some type. 

Gelasmin may not be the sole or even the pri- 
mary molecule responsible for stabilizing neurite 
contacts, however. Some as yet unidentified mole- 
cule, with which gelasmin may or may not be asso- 
ciated, could be more important for reinnerva- 
tion. Furthermore, we have not ruled out the 
possibility that other molecules, including AChE 
and AChRs or a myriad of other synapse-specific 
moIecules,"'-2' may also be involved in major or 
minor roles. 

In view of the observation that 6 months or 
more of denervation prior to culture, but not age- 
related changes, are associated with the decreasing 
ability of cultured muscle fibers to retain AChE, 
AChRs, and gelasmin, what conclusions might be 
drawn about the persistence of molecular cues 
that could 'be important for reinnervation? Mole- 
cules that may be important for reinnervation rriay 
not be greatly affected by age-related changes at 
the majority of synapses or by a short time without 
nerve (2-5 months).' 

A recent report' on aging rat neuromuscular 
junctions, however, indicates that extensive re- 
modeling of the NMJ goes on throughout life 

and that aged junctions are more likely to be 
found denervated in vivo than young junctions, 
at least in soleus muscle. Soleus muscle, however, 
does not receive constant use in old animals, and 
the case is apparently different with a constantly 
used muscle, such as the diaphragm, which ex- 
hibits little rern~del l ing.~ Drnervation of aged 
muscle may be a consequence of the loss or al- 
teration of some basal lamina1 or plasmalemmal 
component(s) associated with maintenance of syn- 
aptic contacts, but these components are unlikely 
to be either AChRs or AChE. Longer periods of 
denervation probably result in the loss of mole- 
cules such as gelasmin that could be important 
for nerve-muscle recognition and synaptogenesis 
as well as changes in AChE and AChRs. Other 
biochemical and/or structural changes in long- 
term denervated muscle are, no doubt, also re- 
lated 1.0 the decreased ability of muscle fibers to 
accept reinnervation. Although factors that re- 
main at the original endplate for perhaps a few 
weeks or months after denervation may be im- 
portant for reinnervation, in rats the extrajunc- 
tional region must not be excluded as a possible 
site for synapse reformation. I n  rat muscle, after 
a short period of denervation, ectopic synapses 
may form on muscle that also had original end- 
plates that are apparently available for reinner- 
vation.2G In other studies, we have shown that low 
levels of gelasmin are present in extrajunctional 
regions,',' and thus the molecule could serve as a 
potential guide for the formation of ectopic syn- 
apses as well, such as those on aged muscle. 

How then is the state of the muscle fiber re- 
lated to the site of reinnervation after various pe- 
riods of denervation? What governs the choice of 
reinnervation at the old endplate versus ectopic 
regions, or why does nerve fail to reinnervate in 
some cases? We presently do not have answers to 
these questions, but. such questions are potentially 
addressable in a tissue culture system. The role of 
factors associated with muscle synaptic and/or 
extrasynaptic regions in nianimalian reinnerva- 
tion can be investigated in such a system, and we 
can separate muscle-derived factors or structural 
elements from other nonmuscle contributions to 
the success or failure of reformation of nerve- 
muscle connections, such as connective tissue and 
fat deposition and the availability of nerve for re- 
connection. Additional factors such as aging or 
length of deriervation time in vivo can also be 
studied to determine the role of muscle-associated 
molecules that are important in the reinnervation 
process. 
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