
The Journal of Neuroscience, May 1990, 70(5): 1530-l 540 

Age Differences in Morphology of Reinnervation of Partially 
Denervated Mouse Muscle 
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Center for Neurosciences, Case Western Reserve University School of Medicine, Cleveland, Ohio 44106 

The effect of age on the ability of motor neurons to develop 
and maintain an enlarged total axonal and synaptic volume 
was compared in soleus muscles of 5-8-month and 25-30- 
month mice, 30-l 20 d after partial denervation. Before and 
after partial denervation (transection of the L5 root), the total 
number of muscle fibers was the same in all muscles. How- 
ever, in young animals, there was only some transient atro- 
phy and hypertrophy mostly receded by 120 d, whereas in 
old muscle, a more prominent early atrophy was followed by 
persistent hypertrophy. Ectopic endplates were not found. 
In zinc-iodide-osmium (210) stained preparations, muscle 
fibers with small nerve terminals were present at 60 d and 
were still present in old muscle at 120 d. Fluorescent staining 
of nerve terminals and acetylcholine receptors revealed that 
in young muscle, postsynaptic sites were nearly or com- 
pletely reoccupied by 60 d. In old muscle, about 22% of 
former junctions were denervated, with the remainder min- 
imally to fully reinnervated. At 60 d and thereafter, collateral 
sprouts originated from nodes of Ranvier in both young and 
old muscle and were remyelinated in young but mainly un- 
myelinated and remarkably tortuous in old animals. These 
results, confirmed with immunofluorescent stains for myelin 
basic protein and neurofilaments, account for many of the 
physiological findings (Jacob and Robbins, 1990). Motor unit 
size expanded 2.5 times in young and 2 times in old muscle 
at 60 d after partial denervation. However, the increment in 
total quanta1 output and nerve terminal volume per motor 
neuron was 60-l 00% greater than control in young but only 
20-25% greater in old muscle, with little further recovery. 
This inability of the motor neuron in old mice to expand the 
field of innervation may reflect a limitation imposed by re- 
duced axonal transport. The present findings may elucidate 
the muscle weakness in postpolio syndrome and amyotro- 
phic lateral sclerosis. 

The aims of this study were 2-fold: first, to determine the mor- 
phological parameters that were different after partial dener- 
vation in old vs young mice in order to specify those parameters 
most sensitive to age changes, presumably those with the least 
safety factor of maintenance (see Jacob and Robbins, 1990); and 
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second, to ascertain the morphological basis for the different 
physiological findings in young vs old partially denervated mus- 
cle (Jacob and Robbins, 1990). Therefore, morphological tech- 
niques were used to indicate whether age differences in rein- 
nervation after partial denervation involved deficits in sprouting 
(Pestronk et al., 1980), pathfinding or recognition of denervated 
endplates, myelination of sprouted axons, or restoration or 
maintenance of nerve terminal size after expansion of the motor 
unit. Measurement of the number and diameter of muscle fibers 
was used to determine the number of muscle fibers per motor 
unit after partial denervation, and to interpret twitch data in 
terms of contributions of atrophic or hypertrophic fibers (e.g., 
Brown and Ironton, 1978). Also, age differences in restoration 
of nerve terminal size after partial denervation were analyzed, 
to define the actual synaptic field maintained by motor neurons 
after partial denervation and to account for age differences in 
spontaneous and evoked transmitter release. Finally, studies 
were done to determine whether the striking and persistent pro- 
longation of nerve terminal latency in aged muscle after partial 
denervation might be explained by failure of myelination, re- 
duced axon caliber, or lengthier intramuscular axonal pathways. 
A variety of conventional and new histological methods were 
used to explore these questions. 

Materials and Methods 

Animals and operations. See accompanying paper (Jacob and Robbins, 
1990) for all details. 

Fiber diameter. After removal from the mouse, soleus muscles were 
pinned to resting length in a Sylgard-lined dish, fixed overnight (12-20 
hr) in 10% phosphate-buffered formalin, rinsed 3 times in glass-distilled 
water. and stored in 0.02% Na-azide in 0.9% NaCl. Three to five lo- 
Nrn cross-sections were taken from the middle one-third of each muscle 
and stained with hematoxylin and eosin. 

With a 40 x objective and a Zeiss camera lucida apparatus, cross- 
sections of randomly chosen groups of 75 fibers were drawn from each 
of 4 different muscles at each time point after operation. The area of 
each fiber was determined with a Neumonics 1224 digitizer and the 
fiber diameter computed, assuming a circular cross-section. The di- 
ameters of surface fibers were calculated in the same manner, using all 
surface fibers in each muscle cross-section. 

Fiber number. The total number of muscle fibers per soleus muscle 
was counted from photomicrographs of the cross-sections of muscle 
described above. This was done for 3-4 muscles at each time point after 
denervation. 

Ectopic synapse formation. Six muscles, from 3 young and 3 old mice 
at 60 d after partial denervation, were fixed in 10% buffered formalin 
for 12-24 hr, teased into small groups of 2-3 fibers, and stained for 
acetylcholinesterase (Tennyson et al., 1977) for 15 min. The staining 
time was 3-fold that normally employed in order to ensure that dener- 
vated endplates with lower cholinesterase activity would be recognized. 
The number of endplates per fiber, and the length of each fiber, was 
determined using a Zeiss microscope and a camera lucida attachment, 
with subsequent digitization of muscle fiber length. 
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Zinc-iodide-osmium staining of nerve terminals. ZIO staining of nerve 50 

terminals was carried out in 3-5 pairs of muscles at each time point in 
young and old mice. The muscles were Dinned at resting length in a 
Sylgard-lined dish, covered with ZIO sol&on (Akert and S&d;, 1968), 
placed under aluminum foil, and allowed to stain for 12-20 hr. For 

z 30 

examination, the muscle fibers were, in most cases, teased apart into 2- 20 

bundles of 14 fibers, using fine jewelers’ forceps, and mounted in gly- t 
chrogel (0.25 gm chrome alum and 15 ml glass-distilled water in 1.5 z 10 

gm gelatin, 20 ml glass-distilled water, 5 ml 15 mM NaHCO,, and 10 5 0 
ml glycerin) for camera lucida drawing. Only cases in which > 85% of 
the terminal arborization was visualized were included for digitization 6 10 

of nerve terminal 2-dimensional area. In several cases, whole mounts t 20 
ofthe muscles were made after ZIO staining for 3 hr. In order to visualize 

a 

terminals and intramuscular axons by transillumination, muscle fibers 
iz 

30 

were removed from the side opposite the region of interest until only 
5 or 6 layers of fibers remained for mounting. In microscopic exami- 
nation of these preparations, axons were considered lightly or unmyelin- 
ated when they appeared as solid, dark lines. Wider, lightly stained 
nerve fibers with periodic constricted sheaths were classified as myelin- 
ated axons. 

40 

T  Young 
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Days After Partial Denervation 

Fluorescence microscopy 
Colocalization ofpre- and postsynaptic specializations of the nerve mus- 
cle junction. The postsynaptic membrane and overlying nerve terminal 
were colocalized by simultaneous in situ staining of the muscle with 27 
PM fluorescein isothiocyanate (FITC) labeled alpha-bungarotoxin (BTX- 
FITC: Siama) and 16 UM Texas Red labeled tetanus toxin c-fragment 
(TR-TTc;tox>n c-fragment, Calbiochem; Texas Red, Molecular Probes), 
respectively (details in Robbins and Polak, 1988). After staining for 15 
min in the anesthetized animal. the muscles were rinsed with Krebs 
solution and removed from the mouse. Muscles stained in vivo were 
mounted individually on glass slides in previously oxygenated normal 
Krebs solution and viewed under a Nikon epifluorescence microscope 
using 16 x and 100 x (1.3 N.A.) oil immersion lenses. Muscles were 
returned to vigorously oxygenated solutions every 5 min. In some cases, 
the stained miscles were-not used for other pur$oses and were fixed in 
vivo for 5 min using 10% buffered formalin. then removed and mounted 
on glass slides in glychrogel. The nerve tkrminal length (i.e., the lon- 
gitudinal extent of the TR-TTc positive area along the muscle fiber) 
and the smallest diameter of the myelinated axon seen entering the 
nerve terminal under transillumination were estimated using a cali- 
brated eyepiece graticule. Photomicrographs were made of selected nerve 
muscle junctions. 

muscles, 225-600 fibers per muscle. Open bars, Superficial fibers; hatched 

Figure 1. 

bars, deep fibers. Error bars, *standard deviation of the mean. 

muscle (overall means of 6-12 muscles at each time period, 

Muscle fiber diameters in the superficial and deep portions 
of young and old muscle. Each bar represents mean of data from 2-4 

total n = 26; young, 873 fibers per muscle; old, 877). Total fiber 
number varied more between animals than between left and 
right sides of the same animal. Also, there was no significant 
reduction in the total number of fibers in operated muscles of 
either young or old mice at any time after partial denervation 
(range of mean fiber number per partially denervated muscle 
from 30 to 120 d after operation: young, 847-895; old, 847- 
949). 

Fiber diameter. In studies described below, data were drawn 
both from teased muscle fibers and from whole mounts, in which 
only superficial fibers were analyzed. Therefore, it was first de- 
termined that at all times after partial denervation, the means 
and distribution of fiber diameters of surface fibers were similar 
to those of deep fibers (Fig. 1). 

Fluorescent antibody staining. The presence or absence of myelination 
of preterminal motor axons was detected in lo-pm frozen sections or 
in whole mounts using a rabbit polyclonal antibody to peripheral myelin 
basic protein, P, (gift of Dr. Bruce Trapp, Department of Neurology, 
Johns Hopkins University; cf. Trapp et al., 1981). Whole mounts of 
contralateral control and operated muscle 60 d after partial denervation 
were stained with FITC-aloha-BTX. fixed 10 min in methanol. and 
removed. Surface fibers were then teased off to improve exposdre to 
the antibody. Whole mounts, or methanol-fixed frozen sections, were 
treated with goat serum and 0.5% Triton-X (and these components were 
present thereafter), anti-P, antibody (1:250 dilution), and FITC- or rho- 
damine-labeled goat anti-rabbit IgG, with phosphate-buffered saline 
washes between 2-hr treatments. After mounting as above, all BTX- 
positive surface endplates were examined for the presence of P,-positive 
myelinated axons within 30 pm of the junction. Control slides with no 
primary antibody were negative. Similar immunohistochemical tech- 
niques were also used to visualize axon pathways in whole mounts of 
control and partially denervated muscles with rabbit polyclonal anti- 
body to neurofilament (“R-26,” gift of Dr. G. Perry, Case Western 
Reserve Univ.; cf. Mulvihill and Perry, 1989). 

Statistics. Either Student’s t test or, for nonnormally distributed data, 
the 2-variable chi-square or Mann-Whitney nonparametric test was 
used. Comparisons were considered significant ifp 5 0.05. Data in the 
text are all means f standard error. 

Results 
Fiber number. There was no difference in the total number of 
muscle fibers in young or old control soleus muscles (young, 
885 f  104 SE, n = 36 muscles; old, 87 1 f  134, n = 34 muscles), 
or between muscles contralateral to the partially denervated 

Fiber diameters were also measured to determine whether 
there were correlated changes in junctional and fiber size after 
partial denervation, and to compare atrophy or hypertrophy in 
the 2 age groups. Chi-square tests were used to determine wheth- 
er subpopulations of atrophied or hypertrophied fibers were 
present. In young partially denervated muscle, there was a small 
decrease in mean fiber diameter at 30 d and 60 d (Fig. l), due 
to a higher proportion of small fibers than in controls (e.g., 60 
d data, Fig. 2a), although hypertrophied fibers were also present 
(Fig. 2a). By 120 d the fiber diameter histogram (Fig. 2b) re- 
turned to a distribution similar to control, with a small excess 
of atrophic fibers. In old partially denervated muscle, more 
fibers were atrophic at 30 d (data not shown) and at 60 d (Fig. 
2c), but at 120 d, mainly normal and hypertrophied fibers were 
present (Fig. 2d). 

Ectopic synapse formation. An acetylcholinesterase stain was 
used to determine whether individual reinnervated fibers con- 
tained 2 endplates at different loci (one newly formed by sprouts, 
the other the original endplate) or whether only a single, pre- 
sumably original endplate site was reinnervated by collateral 
sprouts. The stain identifies junctional cholinesterase even 
months after denervation (Frank et al., 1975). A total of 116 
young and 113 old junction-bearing single fibers from muscles 
60 d after partial denervation were examined over a distance 
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Figure 2. Histograms of muscle fiber 
diameters of young (a, b) and old (c, d) 
partially denervated muscle at indicat- 
ed times after operation, compared with 
contralateral control muscles (down- 
going histograms). Each histogram is 
derived from 225-375 fibers in 3-5 
muscles. 
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of 3-4 mm, but no fibers with multiple endplates were detected cle. The 2-dimensional area of individual nerve terminals was 
(see also Brown and Ironton, 1978). measured in camera lucida drawings of ZIO-stained muscle fi- 

The extent of reinnervation. Two complementary tech- bers (Fig. 3). In contrast to fluorescent-stained material, com- 
niques-ZIO and fluorescent-ligand staining-were used to de- plete drawings of endplates were obtained using data from dif- 
termine the extent of reinnervation in partially denervated mus- ferent focal planes, without fear of bleaching the material, so 

Figure 3. Examples of ZIO-stained nerve terminals. A, Young, contralateral control. B, Young, 60 d after partial denervation. C, Old, contralateral 
control. D, Old, 60 d after partial denervation. In D, note the unmyelinated axon (arrow) supplying the nerve terminal (arrow). Calibration bar, 
20 pm. 
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^^ OLD 

Nerve Terminal Area (pm*) 

that total area could be quantified. However, the data were 
selective for nerve terminals > 75 pm2 because smaller or thread- 
like terminals, found in old partially denervated muscle (see 
below), were not distinguishable from debris or unmyelinated 
nonmotor axons. In addition, it was not possible to combine 
the ZIO stain with a stain for the postsynaptic receptors or 
cholinesterase. 

In both control young and old muscle fibers, the percentage 
of “small” (75-250 pm2) nerve terminals was 5-6% (Fig. 4). 
However, at 30 d, “small,” presumably sprouted nerve termi- 
nals were evident in 25% of young but not in old muscle (Fig. 
4). At 60 d, the proportion of small nerve terminals declined in 
young (16%) but increased in old muscle (3 1%). Finally, at 120 
d, the proportion of small terminals returned to control levels 
in young muscle (9%), but remained elevated (35%) in old mus- 
cle. In summary, appearance of sprouted terminals and resto- 
ration of normal terminal size was earlier and (by 120 d) more 
complete in young than in old mouse muscle. 

Characterization and colocalization of nerve terminals and 
postsynaptic junctions without selection for larger junctions was 
obtained with a fluorescent technique applied to whole mounts 
(see Materials and Methods). In both young and old control 
muscle, and in young muscle 60 d after partial denervation, 
there was close (ca. 95%) correspondence between nerve ter- 
minals (stained with TR-TTc) and underlying postsynaptic re- 
ceptors (stained with BTX-FITC) (Fig. 5). In young muscle 60 
d after partial denervation, mean longitudinal length of the flu- 
orescent-stained nerve terminal was significantly less than con- 
trol (operated, 5 1 + 2.25 pm, IZ = 7 muscles; control, 6 1 f 2.23 
pm, II = 7 muscles), in qualitative agreement with data derived 
from ZIO preparations. 

In old partially denervated muscle at 60 d, the junctions (n 
= 69 fibers, 4 muscles) were more diverse and were therefore 
classified into 4 categories. Type I junctions were nonreinner- 
vated endplates consisting of a small, slitlike postsynaptic region 
with no overlying nerve terminal (Fig. 6A). Type II junctions 
were small, slitlike postsynaptic regions underlying fine, fila- 
mentous unmyelinated nerve terminals with or without dila- 

4 . 
00 600 700 

Figure 4. Histogram of nerve termi- 
nal areas measured from ZIO-stained 
muscles in young and old muscles after 
partial denervation. Each data group 
was from 20-87 fibers in 3-7 muscles. 
Control data were pooled from unop- 
erated and contralateral control mus- 
cles. 

tations (Fig. 6B). In Type III junctions, the postsynaptic region 
was similar to controls but the nerve terminal occupied only 
50-85% of the postsynaptic region (Fig. 6C); i.e., reinnervation 
of former postsynaptic sites was incomplete. Type IV junctions 
were identical to controls (Fig. 5, D-F). The 4 classes of pre- 
and postsynaptic specializations were present in about equal 
proportions, with the expected percentage of normal Type IV 
junctions (30%) and the remainder either denervated or incom- 
pletely reinnervated (Table 1). Similar fluorescent analyses were 
not performed at 120 d, but other data indicate that few or no 
fibers were denervated at 120 d after operation (see Discussion). 

Functionalfibersper motor unit. The average number of fibers 
per motor unit before and 60 d after partial denervation could 
be estimated by combining the above morphological data with 
corresponding physiological data (Jacob and Robbins, 1990) at 
60 d after partial denervation. In young and old muscle, re- 
spectively, 100% and 78% of junctions were innervated (Table 
1) and reinnervation was not associated with multiple endplate 
sites on single muscle fibers (results of cholinesterase staining). 
Hence, the average number of fibers per motor unit could be 
derived from the total number of morphologically innervated 
fibers (total fiber number per muscle x fraction innervated) 
divided by the mean number of motor units determined by 
physiological methods (Jacob and Robbins, 1990). In control 
muscles, there was an average of 49 and 44 fibers per motor 
unit in young and old muscle, respectively. At 60 d after partial 
denervation, there was an average of 120 fibers per motor unit 
in young muscle and 84 fibers per motor unit in old muscle. 
Thus, the motor unit size at 60 d after operation was expanded 
about 2.5-fold in young muscle and 2-fold in old muscle. 

Extent of myelination of preterminal axons. Two lines of evi- 
dence indicated that axons reinnervating junctions became my- 
elinated in young muscle but remained mostly unmyelinated in 
old muscle. First, at almost every control junction in mice of 
both ages, and in 60 d partially denervated young muscles, 
transillumination revealed preterminal myelinated axons readi- 
ly identified by their characteristic birefringent, “pufFyl’ ap- 
pearance (examples, Fig. 5, C, F, Z). In contrast, in old muscle 
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Figure 5. Fluorescence and transmission photomicrographs of endplates in young contralateral control (A-c), old contralateral control (D-F), 
and young operated muscle at 60 d after partial denervation (G-Z). Preparations were whole mounts stained with BTX-FITC (A, D, G) or TR-TTc 
(B, E, H), or viewed with transillumination (C, F, I). In the latter group, note myelinated axon (arrows) supplying the nerve terminal. Calibration 
bar, 20 pm. 

at 60 d, most Type IV, but no Type II or III, junctions were 
associated with myelinated axons (Table 1). Second, the pres- 
ence or absence of a myelin protein, P,, in association with 
endplates was evaluated by immunofluorescence in frozen sec- 
tions or whole mounts (examples, Fig. 7). In young mice, the 

Table 1. Frequencies of nerve terminal classes (see text) at 60 d 
after partial denervation in old operated muscle” 

Nerve terminal class 

Type 
Type I Type II Type III IV 

Percent of all BTX- 22 28 20 30 
positive junctions (15) (19) (14) (21) 

Association with myelinated 
preterminal axon - O/8 o/4 9/11 

0 Numbers in parentheses indicate number of fibers identified in each category in 
4 muscles. Data for association with myelinated axons (no. with myelinated axons/ 
no. observed) are from a subset of fibers in which the whole mount was sufficiently 
transparent so that it was possible to detect myelin biretiingence by transiIlumination. 

percentage of myelin-associated junctions was similar in control 
and partially denervated muscles (Table 2). However, in old 
mice, about 30% fewer Type III-IV junctions were associated 
with myelinated axons (Table 2). In this study, nerve terminal 
stains were not used, but it is likely that most of the unmyelin- 

Table 2. Percentage of Type III/IV junctions associated with myelin 
protein P,-positive axons in control and partially denervated muscles” 

Frozen Whole 
sections mounts 

Young contralateral controls 85 95 
Young partially denervated 89 86 
Old contralateral control 70 93 
Old partially denervated 49 63b 

a Frozen sections were made 60 d, and whole mounts 79-170 d, after partial 
denervation. In each group of frozen sections, 2-3 muscles and an average of 22 
junctions per muscle were analyzed. Because of the small number of experimental 
muscles, statistics were not evaluated. In each group ofwhole mounts, 4-5 muscles 
and an average of 24 junctions per muscle were analyzed. 
b Significant difference from control, p c 0.001. 
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Figure 6. Examples of Types I-III nerve terminals in old partially denervated muscle 70 d or more after operation. Upper micrographs (4-C) 
are preparations stained with BTX-EITC, lower micrographs (A’-C’) are corresponding terminals stained with TR-TTc, and the lowest row (A”- 
C”) are superimposed tracings of postsynaptic and presynaptic elements (black outlines and shaded areas, respectively). In Type I (A), thin 
bungarotoxin-positive region (arrows, top micrograph) has no associated nerve terminal (middle micrograph and tracing). In Type II (B), unmyelin- 
ated axons show large dilatations overlying the bungarotoxin-positive region. In Type III (C’), nerve terminals incompletely cover faintly stained 
postsynaptic regions (compare to Fig. 5) and extend processes beyond. Three clustered autofluorescent spots serve to line up the micrographs. 
Calibration bar in A is equivalent to 20 pm for A, and 5 pm for B and C. 

ated preterminal axons were supplying Type III rather than Type were examined in order to determine whether sprouted termi- 
IV junctions (see above). nals arose from nodal or terminal sprouts, and whether sprouted 

Source and degree of complexity of reinnervating axons. Whole nerve fibers were myelinated. As expected, in control young and 
mounts of ZIO-stained muscles at 60 d after partial denervation old muscle, nerve terminals were supplied by myelinated axons 
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Figure 7. Combined immunofluorescent stains for myelin (PJ and postsynaptic receptors in young (A) and old (B) control muscles, and 79 d or 
more after partial denervation in old (C) and young (0) muscle. Myelin (firled arrows) distinguishable from postsynaptic receptors (open arrows) 
by fuzzy, brighter borders and by shape. Calibration bars A-C, 10 pm; D, 50 pm. 

arising from intramuscular nerve bundles (Fig. 8, A, C). In young 
partially denervated muscle at or after 60 d, 47 of 50 nerve 
terminals were also supplied by myelinated axons emanating 
from nerve bundles, and not by ultraterminal sprouts (Figs. 70, 
8B). Since approximately 70% of these unselected terminals 
must have been reinnervated by collateral sprouts (Jacob and 
Robbins, 1990), reinnervation was primarily by means of nodal 
rather than ultraterminal sprouts. In old muscle 60 dafter partial 
denervation, axons often arrived at the terminals by a tortuous 
and indirect path. When it was possible to trace such axons to 
their source, they were found to originate from large myelinated 
axons (Fig. 8D) or nerve bundles rather than from neighboring 
terminals; i.e., innervation was again derived from nodal rather 
than terminal sprouting. Finally, examination of whole mounts 
immunofluorescent-stained for neurofilaments revealed a sub- 
stantial increase in sprouts and axons originating from nodes of 
Ranvier in both young and old partially denervated muscle 
(example, Fig. 9A) compared to controls. 

Complexity and tortuosity of intramuscular axonal pathways. 
In addition to nodal sprouting, whole mounts stained for neu- 
rofilament antigen showed large variations in axonal diameter 
between adjacent internodes or between axons emanating from 
the same node (Fig. 9A). In addition, both neurofilament and 
fluorescent tetanus-toxin stains revealed extreme tortuosity of 
axonal pathways, with elaborate axonal filigrees and dilatations 
in old operated muscle (Fig. 9, B, C) whereas these were infre- 
quent in young mice. Such axons were often unmyelinated for 
long distances and in several cases could be traced to their 
termination at endplates. 

Discussion 
Morphological basis of restoration of twitch tension after 
partial denervation 
Fiber number was unaffected by age or partial denervation. 
Therefore, only fiber size and degree and efficacy of innervation 
affected twitch tension. In young muscle, the transient atrophy 
of some fibers that were all innervated by 60 d was apparently 
offset by hypertrophy of other fibers, so that twitch tension 
returned to control levels. By 120 d, there was little residual 
atrophy and no hypertrophy. 

In old muscle, there were relatively more atrophic fibers at 
60 d, probably reflecting persistent denervation in 22% of fibers 
(fluorescence data). Nonetheless, since twitch strength was most- 
ly restored, the remainder of reinnervated nerve terminals ex- 
ceeded threshold despite their small size and lower quanta1 con- 
tent (Jacob and Robbins, 1990). The diminution of muscle fiber 
atrophy at 120 d indicated that full reinnervation occurred more 
slowly in old partially denervated muscle. However, the same 
data indicated that few or no junctions remained or became 
denervated between 60 and 120 d. The constant percentage of 
small nerve terminals (in ZIO-stained material) indicates that 
sprouted terminals did not show any regression in size. 

Myelination, complexity of axonal pathway, and its relation to 
prolonged latency 

At 60 dafter partial denervation in young mice, latency returned 
to normal, but in old muscle fibers, 40% of the fibers showed 
long latencies, which persisted even at 120 d (Jacob and Rob- 
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Fi&ure 8. Whole mounts of muscles 
stained with ZIO 60 d after partial de- 
nervation. A, Young, contralateral con- 
trol muscle. B, Young, operated muscle 
(montage). C, Old, contralateral control 
muscle. D, Old, operated muscle. Closed 
arrows indicate myelinated axons trunks 
(best appreciated when microscope was 
through-focused), open arrows indicate 
stained nerve terminals, and arrow- 
heads indicate axons derived from no- 
dal sprouts. Calibration bars, 50 pm (A), 
20 Nrn (B), 40 pm (C), and 20 pm (0). 

bins, 1990). In old mice, the continued absence or diminution 
of myelination in about 30% ofjunctions (at 60 d and thereafter) 
as well as the striking tortuosity of intramuscular axons probably 
accounts for these age differences. An age difference in origin of 
sprouts-collateral vs terminal-did not account for the latency 
differences since at both ages, nodal (“collateral”) sprouting was 
the major source of reinnervation. 

Brown and Ironton (1978) reported that after partial dener- 

vation of soleus muscle in young (probably 2-3 month) mice, 
85% of reinnervation in the first few weeks occurred through 
terminal sprouting, whereas our results implicate nodal sprout- 
ing. Two factors probably account for this discrepancy. First, 
terminal sprouts may be more numerous in the early phase of 
reinnervation than in the later phases (2-4 months after oper- 
ation ) that we have studied. Indeed, in a single case analyzed 
at 10 d (data not presented), 20% ofjunctions were reinnervated 
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Figure 9. Examples of tortuous pathways and complex arborizations of axons in old partially denervated muscle. A stained with antibody to 
neurofilament (R-26), B and C stained with TR-TTc. Note, in A, irregular expansions and profuse sprouting at nodes (arrows). Calibration bar, 
10 pm. 

by sprouts from nearby intact junctions. The remainder (80%) 
were reinnervated by axons originating from apparent nerve 
bundles or from more distant undetermined sources. Second, 
an age difference in terminal vs nodal sprouting is likely. For 
instance, terminal sprouts in paralyzed rat soleus muscle occur 
mainly between 16 and 30 d of age (Brown et al., 198 1). Also, 
in a single case analyzed at 10 d in our “mature” (6-7 month) 
mice, about 50% of original remaining terminals showed sprout- 
ing, whereas in the study of Brown et al. (1980), about 75% of 
terminals sprouted. A study of early vs late reinnervation with 
more quantitative methods is required to establish whether rein- 
nervation is first mixed nodal and terminal and then mostly 
nodal. The focus of the present investigation, however, is on 
long-term responses to partial denervation. 

As for mechanisms of age differences, the persistent lack of 
myelination may result from the small diameter of the sprouted 
axons, since there is a correlation between axon diameter and 
presence and thickness of myelin sheath (Friede, 1972). An 
altered relation between Schwann cell and neuron (Aguayo et 
al., 1979) might also impede enlargement or myelination of 
sprouted axons reinnervating denervated junctions. Finally, an 
altered extracellular environment producing growth, greater re- 
lease of stimulatory factors from denervated muscle (Brown et 
al., 1981), or reduced recognition of target junctions in aged 
muscle might give rise to the more tortuous path taken by 
sprouted axons in aged muscle. 

Morphological correlates of altered transmitter release 
The greater reduction in quanta1 content in old vs young par- 
tially denervated muscle was probably due to the smaller or 

incompletely reoccupied endplates found at 60 d in old muscle. 
In mature mice at 60 d, reinnervated nerve terminals were slightly 
smaller, but in old muscle, 22% of junctions were denervated, 
about 50% were small or incompletely reinnervated, and the 
remaining (30%), fully innervated junctions were exactly the 
percentage expected for nondenervated terminals. Thus, rein- 
nervated junctions in old muscle were almost entirely small and/ 
or incompletely reinnervated. A general correlation between 
nerve terminal size and quanta1 release is well established (for 
review, see Grinnell and Herrera, 198 1) and appears to apply 
to the present data in reinnervated muscle. Further, the lowest 
quanta1 contents and reduced mepp frequency in old muscle at 
60 and 120 d after partial denervation were associated with long 
latencies (Jacob and Robbins, 1990) and indeed, small nerve 
terminals were associated with poorly or nonmyelinated pre- 
terminal axons. Incomplete reinnervation of endplates was also 
noted in a previous study of partial denervation in young (ca. 
2 months old) mice (Slack and Hopkins, 1982). 

Age effects on expansion of the&Id of innervation after partial 
denervation 
At 60 d after operation, the motor unit was enlarged about 2.5 
times in young and 2 times in old muscle (Results). However, 
if one considers either the total quanta1 output or total amount 
of nerve terminal supplied by individual motor neurons after 
partial denervation, the age difference is more striking. In young 
partially denervated muscle, median quanta1 content and av- 
erage nerve terminal length (assumed proportional to volume) 
were about 65% and 84% of control, respectively. Thus, per 
motor neuron, the expansion of total transmitter output was 
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1.6-fold (i.e., 2.5 x 0.65) and of nerve terminal volume was 
2.1-fold (= 2.5 x 0.84). Similar figures were obtained by more 
elaborate calculation in which data were separated into groups 
derived from original and reinnervated junctions. 

In old partially denervated muscles at 60 d, the physiological 
data can be divided into that of long-latency, reinnervated fibers 
(median quanta1 content 20% of control) and short-latency fibers 
(quanta1 content 100% of control). Thus, the physiological in- 
crement of release per motor neuron is only 20% greater at 60 
d (vs 60% greater in young mice). At 120 d, this had increased 
no more than 37% in old mice, assuming that all fibers with 
low quanta1 release were detectable. In old partially denervated 
muscle, the morphological expansion is more difficult to esti- 
mate because of the heterogeneity of nerve terminal types. How- 
ever, assuming 22% of the junctions are denervated, 48% of 
junctions (Type II and III), on average, are no more than 50% 
of original size, and the remainder (Type IV) are fully innervated 
original terminals, the morphological expansion was approxi- 
mately 24% (0 x 0.22 + 0.48 x 0.5). That is, independent 
morphological evidence reveals a similar deficit in enlargement 
of the nerve terminal field to that observed in the physiological 
data. At 120 d, the absence of atrophic fibers in old partially 
denervated muscle indicated complete reinnervation; i.e., the 
morphologic field was now expanded by 38% (0.77 x 0.5), in 
good agreement with the physiological data. Although these 
estimates are inexact, the qualitative conclusion is that after 
partial denervation, aged motor neurons respond more slowly 
and do not expand the “field of innervation” more than 40%. 
A slower sprouting response to partial denervation was also 
reported in the CNS of old animals (Scheff et al., 1984). 

Even in young rodents, there is an upper limit of 4-5-fold to 
the physiological expansion of motor unit size (Thompson and 
Jansen, 1977; Brown and Ironton, 1978). However, the greatly 
reduced capacity of aged motor neurons for expansion of the 
field of innervation may result from reduced slow or fast axonal 
transport in old animals (e.g., McMartin and O’Connor, 1979; 
Komiya, 1980; McQuarrie et al., 1989) or from a reduced ca- 
pacity for compensatory alteration of transport after operation. 
Either deficit would set an upper limit to the supply of com- 
ponents necessary for axonal growth (slow transport) and func- 
tional nerve terminal maintenance (fast transport). A similar 
mechanism may account for the slowness of regeneration (e.g., 
Pestronk et al., 1980; Alberghina et al., 1983) and the incom- 
pleteness of reinnervation even at 120 d after operation. The 
small mepp amplitudes in old partially denervated muscle fibers 
could also reflect diminished fast axonal transport of membra- 
nous material. A test of these suggestions requires a better un- 
derstanding of the roles of orthograde and retrograde transport, 
nerve-terminal processing, and cellular synthesis and packaging, 
in the metabolism of presynaptic membranous components (La- 
sek, 1988). Age differences in locomotor and neuromuscular 
activity could also play a role, but in normal CBF- 1 mice, overall 
locomotion does not decrease with age (Robbins and Fahim, 
1985). 

aging motor neurons to maintain or develop an enlarged ter- 
minal field in response to past or recent partial denervation 
would lead to junctions (both sprouted and nondenervated) with 
reduced transmitter release, perhaps below threshold, and in 
severe cases, to lack of reinnervation. In addition, in humans, 
“spontaneous” denervation and reinnervation increase steadily 
with age (Oertel, 1986) so that even prior to loss of motor 
neurons in ALS, the capacity to maintain motor innervation 
may already be compromised. Thus, as in old partially dener- 
vated muscle (Jacob and Robbins, 1990) weakness might in- 
crease beyond that due simply to loss of motor neurons if the 
remaining neurons decompensate. In addition, tortuous intra- 
muscular growth, reduction in axon caliber, and faulty myeli- 
nation of sprouted axons as observed here would also increase 
the susceptibility to branch block, producing the “jitter” noted 
in electromyograms of such patients. Indeed, it was reported 
that good compensatory reinnervation occurred in patients with 
ALS until the required expansion was more than 2-fold (Hansen 
and Ballantyne, 1978). Similar deficits may also occur in central 
neurons of the aging individual in response to partial dener- 
vation produced by cell death or injury. 
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