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ABSTRACT To investigate annulate lamellae (AL) with nuclear changes, ul- 
trastructural time course studies were done of the reversible end-plate myopathy 
in the soleus muscles of rats exposed chronically to a high dose of the anticholinest- 
erase drug neostigmine. At the earliest stage (2 hours) in which severe subjunc- 
tional damage involving a nuclear lesion (nuclear pyknosis) was prominent, AL 
profiles were undetectable. At the intermediate stage (7, 21 days), in which the 
subjunctional organelles tended to cluster and nuclear pyknosis often accompanied 
degenerative features, most AL laid near the surface of the abnormal nuclei, where 
there were signs of elimination or formation of pores, as well as a progression of 
changes leading to the loss of pores. At the late stage (56 days), in which muscle 
repair was nearly completed and euchromatic nuclei usually were found, there was 
a concomitant enhanced formation of false nuclear inclusions and of the AL pro- 
files in these sites. 

Pores are packed on nuclear envelopes, which detach themselves from the nu- 
cleus and take the same profile as AL. This phenomenon can be envisioned not only 
in the euchromatic but also in the abnormal (pyknotic or degenerated) nuclei. 
Following nuclear reconstitution, the nuclear envelope folding is accelerated to 
induce the usual pattern of AL organization, i.e., budding from the invaginated 
nuclear envelope. 

Annulate lamellae (AL) can be defined as arrays of 
double sheets of smooth-walled membranes exhibiting 
periodically spaced discontinuities. Following the first 
evidence obtained with eggs of Arbacia (McCulloch, 
1952; Lansing et al., 19521, AL have been observed in 
various cell types, but usually in rapidly differentiat- 
ing cells such as oocytes, spermatocytes, tumor and 
cancer cells, as well as in embryonic cells. In the skel- 
etal muscle tissue of young rats, AL were invariably 
found in a portion of the sarcoplasm engulfed and seg- 
regated in the soleplate nuclei (Kawabuchi, 1983). Be- 
cause of the spatial association of AL with unusual 
structures such as thick and elongated Z materials (ne- 
maline rods) and/or membrane clusters, an AL-related 
process (e.g., organelle assembly) appeared to exist in 
these sites. 

Neostigmine is a drug of choice for the treatment of 
patients with myasthenia gravis. This drug is often 
prescribed in high doses and for long periods. Blockade 
of acetylcholinesterase by a variety of reversible 
agents, including neostigmine methylsulfate (Kawa- 
buchi et al., 1976; Hudson et al., 1978), is associated 
with myopathy at subjunctional regions of neuromus- 
cular junctions immediately after administration. This 
myopathy, which affects myofibrils, mitochondria, and 
sarcoplasmic reticulum (SR), has been attributed to  an 
excessive influx of calcium ions (Ca) that results from 
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an increase in acetylcholine within the synaptic cleft 
(Leonard and Salpeter, 1979). There is histochemical 
evidence for localized accumulation of Ca in a muscle 
that corresponds to focal lesions (Kawabuchi, 1982). 

Ariens et al. (1969) were apparently the first to de- 
scribe the reversibility of the myopathy induced by an- 
ticholinesterase drugs. With chronic neostigmine treat- 
ment, the dimension and numbers of Ca-mediated focal 
lesions gradually decrease; and ultrastructural signs of 
recovery, beginning a t  the periphery of the lesion, be- 
comes gradually marked, although changes in the syn- 
aptic region remain. 

In the course of investigating problems associated 
with the single or long-term use of neostigmine in pa- 
tients with myasthenia gravis, a time- and dose-related 
occurrence of sarcoplasmic AL was noted (Kawabuchi, 
1980). These AL were frequently found in an unusual 
site, such as a region other than the false nuclear in- 
clusions. By reconstructing the AL formation process 
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based on a detailed ultrastructural study, an attempt 
was made to clarify the following: 1) the pattern of AL 
formation in that site of the injured skeletal muscle 
tissue and 2) the association pattern of the AL with 
sequential degenerative and reconstructive changes in 
the soleplate nuclei. Rats were exposed to a high dose of 
neostigmine over a period of 112 days (lX/day). Be- 
cause the appearance of AL and microtubules appeared 
to proceed concurrently, morphological associations be- 
tween these two organelles were examined. 

MATERIALS AND METHODS 
Animals and Drug Administration 

Fifty-four male Sprague-Dawley rats weighing 180 
to 200 g were used. Neostigmine, an anticholinesterase 
drug, was administered subcutaneously. 

Morphologic Studies 

Drug-treated (48 animals) and control (six animals) 
groups were prepared. The sublethal dosage was deter- 
mined to be 0.625 mglkg, although six of 48 rats died 
within less than 1 hour after the injection. (For com- 
parison, we note that a total dose of 0.1 mgkglday, 
administered intramuscularly, is employed in the 
treatment of myasthenia gravis; only rarely is a total 
dose of 1.0 mg/kg used therapeutically in human 
patients). The 42 survivors were given daily subcuta- 
neous injections of 0.625 mglkg neostigmine for vary- 
ing periods. Groups of six animals each were killed at 
2 hours and at 3, 7, 14, 21, 56, and 112 days following 
the first injection. The control animals were given 
daily subcutaneous saline injections and killed on day 
7. 

Tissue preparation 

Following the treatment, rats were anesthetized 
with ether and the soleus muscles from the left limbs 
were removed with an isometrical clamp and were pre- 
pared for electron microscopic study. The tissues were 
fixed for 2 hours in a cold ( 0 4 ° C )  mixture of 4% 
paraformaldehyde and 1% glutaraldehyde buffered to 
pH 7.3 with sodium cacodylate. They were washed in a 
buffer, cut into small pieces, and postfixed in 1% OsOI 
for 2 hours at 4°C. Dehydration was carried out in a 
graded series of ethanol and propylene oxide, after 
which the tissues were embedded in Epon 812. On sec- 
tioning, uniform ultrathin sections of a silver-gold in- 
terference color (900-1,500 A) were taken with the 
Porter-Blum microtome. 

Quantitative Morphometry 

First, the number of all soleplate nuclei was re- 
corded, and the ratio of pyknotic nuclei and false inclu- 
sion-containing nuclei to the total number of soleplate 
nuclei was counted. The false inclusion-containing nu- 
clei refer to those having inclusions of sarcoplasmic 
origin separated by the invaginated nuclear envelope. 
Then the number of all AL profiles and end-plates was 
recorded. The ratio of AL in the region of false nuclear 
inclusions or in other regions of the sarcoplasm to the 
total number of endplates was counted. The frequency 
in both of the above analyses was expressed as a per- 
cent. For these purposes, analysis was made of all con- 
trol animals and five animals each from the neostig- 

mine treatment group taken at 2 hours, 7 days, 21 
days, and 56 days. A total of 100 end-plates from the 
control group and 50 end-plates from each neostigmine 
treatment group, all in random samples, were exam- 
ined. Photos of the entire motor end-plate and AL-con- 
taining regions were taken. AL profiles could be 
readily distinguished in the transmission electron mi- 
croscope because of their consistent localization in the 
soleplate sarcoplasm, e.g., an area adjacent to the nu- 
clear envelope or to the organelle accumulation. Total 
counts for the number of end-plates, soleplate nuclei 
and AL were made using the electron micrographs. 

The number of stacked, parallel arrays of AL in the 
longitudinal axis was counted and their mean length 
and width determined. Size analysis was done using 
a ruler on the electron micrographs. For the AL in the 
region of false nuclear inclusions, all AL profiles 
detected in the control and 56-day samples were mea- 
sured, whereas for the AL in other regions of the sar- 
coplasm, those in the control, 7-day, and 21-day sam- 
ples were measured. 

To determine whether or not neostigmine affects the 
organization of the microtubules, the average number 
of microtubules per unit area was calculated. Exami- 
nation was made of 40 end-plates from six control an- 
imals and 15 end-plates taken from three animals at 
the following intervals after initiation of drug treat- 
ment: 2 hours, 7 days, and 21 days. For each set of 
samples, five electron micrographs of microtubule-rich 
areas, selected on the basis of either sarcoplasm vs. 
nucleus or sarcoplasm vs. mitochondria, were used. 
The photographs were taken at  the same magnification 
9( x 15,000). The unit area, 17.12p,m2, refers to the sizeof 
the negative film at x 15,000. Analysis was performed 
at a x 40,000 final magnification. 

Only the frequencies of AL or microtubules were de- 
termined. To increase the reliability of the measured 
data, the percentages of abnormal and inclusion-con- 
taining nuclei, as well as those of the AL, were com- 
pared with a chi-square test at a significant level of 
99%. For the incidence of microtubules and the size of 
the AL, however, mean and standard deviations, as 
well as the two-tailed t-test were applied for statistical 
comparison. For both the chi-square test and t-test, the 
difference between tb’e two mean values was consid- 
ered significant if the probability value (P) was found 
to be less than 0.05. 

RESULTS 
Control 

The neuromuscular junction of the muscle fiber had 
one to  nine soleplate nuclei. Soleplate nuclei, oval or 
elliptical, had irregular surfaces that were often deeply 
invaginated. The pores of the AL were 600-800 A in 
diameter and were se arated by a distance of approx- 

were distinguishable from those of the nuclear pores, 
because the densities of pores per unit area in AL are 
generally much greater than in the nuclear envelope 
and AL were aligned in a precise, parallel crystalline 
array. AL in the region of the false nuclear inclusions 
were connected directly to the outer nuclear envelope 
enclosing the inclusions, dilated into cisterns, and/or 
positioned perpendicularly against the nuclear surface. 

imately 1,000-2,000 if in each lamella. Pores of the AL 
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TABLE 1. Incidence of nuclei with abnormal profiles and of false inclusion-containing 
nuclei per soleplate nuclei' 

Control Neo 2 hours Neo 7 days Neo 21 days Neo 56 days 
End-platesianimals 10016 5015 5015 5015 5Oi5 - ~ .  

Soleplate nuclei (N) 180 65 65 65 65 
Abnormal nuclei' 2 43 56 25 15 

Inclusions3 38 6 13 20 25 

'Observed in control muscles and in neostigmine-treated muscles at various intervals after chronic daily drug exposure N, number of soleplate 
nuclei. 
2Percentage of abnormal nuclei showing pyknosis and/or degeneration per total number of soleplate nuclei as expressed by N. 
3Percentage of false inclusion-containing nuclei per total number of the soleplate nuclei as expressed by N. 
4Significantly different from values shown for neostigmine treatment group (P<O.Ol,  chi-square test). 
5Significantly different from 7 days, 21 days, and 56 days (PiO.01). 
'Significantly different from 21 days and 56 days (P<O.Ol) .  
'Significantly different from 2h (P<0.05) and 56 days (P<O.Ol). 
'Significantly different from 21 days (P<O.Ol)  and 56 days P < O . O l ) .  
gSignificantly different from 56 days (P<0.025). 

(1.19444 (66.2%)5 (86.2%)6 (38.5%) (23.1%) 

(21.1%)7 (9.2%)' (20%)9 (30.1%) (38.5%) 

TABLE 2. Time-course analysis of the incidence of AL as expressed by percentages 
of total AL per total end-plates 

Control Neo 2 hours Neo 7 days Neo 21 days Neo 56 days 
End-plateslAnimals 10016 5015 5015 5015 5015 
AL in the region of 8 0 1 1 8 

AL in other 0 0 12 5 4 

Total AL 8 0 13 6 12 

'Significantly different from 2 hours (P<0.05, chi-square test). 
?3ignificantly different from 2 hours ( P < O . O l ) ,  7 days (P<0.025), and 21 days (P<0.025). 
3Significantly different from 7 days, 21 days, and 56 days (PiO.001). 
4Significantly different from 7 days (P<O.Ol), 21 days (P<O.Ol), and 56 days (Pi0.05). 
5Significantly different from 56 days ( P i 0 . 0 2 5 ) .  
'Significantly different from 2 hours (P<0.05), 7 days ( P < O . O l ) ,  and 56 days (P<O.Ol). 
'Significantly different from 7 days, 21 days, and 56 days (PiO.01). 

false nuclear inclusions (8%)' (0%) (2%) (2%) (16%)2 

regions of sarcoplasm ( o w 3  ( 0 7 3 4  (24%)5 (10%) (8%) 

(8%)6 (ow7 (26%) (12%) (24%) 

The frequency of occurrence of false nuclear inclusions 
and that of AL in this site, per total number of soleplate 
nuclei, was 21.1% and 8%, respectively (Tables 1, 2). 
The ultrastructure of AL in the young rats (Kawabu- 
chi, 1983), similar to  the nuclear envelope, corre- 
sponded to the general organization of AL in other cells 
(Kessel, 1968; Wischnitzer, 1970). 

Effects of Cbronk Daily Injections of Neostigmine 
Nuclei were identified from staining characteristics 

of the chromatin to be euchromatic or pyknotic. The 
former nuclei had similar profiles to those of controls. 
Nuclei undergoing pyknosis manifested increased and 
widespread condensed chromatin; occasional nuclei 
had abnormal features such as disintegration of the 
nuclear pores, reduced densities of condensed chroma- 
tin, andlor deranged nuclear structures due to enclos- 
ing membrane-free sarcoplasmic organelles dispersed 
in the nucleoplasm. Table 1 shows the incidence of the 
abnormal and false inclusion-containing nuclei to total 
number of the soleplate nuclei. During the early drug 
treatment period (2 hours, 7 days), nuclear abnormal- 
ities were frequently observed (66.2% of the total in 2 
hours and 86.2% of the total in 7 days), but false nu- 
clear inclusions were rare (9.2% in 2 hours vs. 21.1% in 

control, P<0.05). During the late drug treatment pe- 
riod (21 days, 56 days), reversion of nuclear structures 
to the control type was evident, as indicated by more 
euchromatic nuclei and false nuclear inclusions. 

The time-course study of the occurrence of AL per 
total end-plates for 2 hours, 7 days, 21 days, and 56 
days is shown in Table 2. As compared with the control 
group, the proportion of total AL, that is, those in the 
region of false nuclear inclusions plus those in other 
regions of the sarcoplasm, to total end-plates was re- 
duced at  the earliest stage (2 hours) but abundant dur- 
ing the subsequent periods (7,21, and 56 days). During 
the earlier stage of myopathy (2 hours, 3 days), the 
subjunctional region was characterized by vacuoliza- 
tion of organelles such as mitochondria and SR 
(Kawabuchi, 1982). The affected soleplate nuclei at 
this time showed irregular shapes, and the area occu- 
pied by chromatin condensation was approximately 
half of the nucleoplasm (Fig. 1). Nuclear pores, as in- 
dicated by gaps in peripheral chromatin, were abun- 
dant in these nuclei. During the intermediate stages of 
the myopathy (7, 14,21 days), an alteration in the ap- 
pearance of end-plate was noted. The soleplate sarco- 
plasm had no vacuoles and was filled with numerous 
organelles such as mitochondria and SR. AL were 
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TABLE 3. Sizes of AL as expressed in number of arrays, length, and width in the control and 
neostig-mine-treated muscles (Mean and standard deviation)' 

Control Neo 7 days Neo 21 days Neo 56 days 
AL in the region of N 8 8 

false nuclear inclusions 
Lamellae' 1.50 C 0.7* 2.1 -t 0.7 
Length 9.0 t 1.8 12.5 2 9.6 
Width 2.8 t 2.4** 6.2 * 4.9 

Lamellae 3.2 t 1.1 3.2 2 1.3 
Length 9.7 * 4.2 11.2 * 4.2 
Width 5.4 t 2.8 6.7 t 2.7 

AL in other regions of sarcoplasm N 12 5 

'AL, annulate lamellae; N, number of annulate lamellae. 
2Average number of AL arrays in the longitudinal axis. 
*Significantly different from 7 days (P<O.Ol)  and 21 days (P<0.02) (t-test). 
**Significantly different from 7 days (P<0.05). 

rarely found in the region of false nuclear inclusions, 
whereas those in other regions of the sarcoplasm were 
abundant (24% in 7 days, 10% in 21 days vs. 0% in 
control; P values were less than 0.01 between 7 days 
and control and between control and 21 days) (Table 2). 
AL stacks were larger than in the controls (Table 3). 
The AL was frequently close to many kinds of or- 
ganelles (Fig. 2) as well as to the surface of abnormal 
nuclei (Figs. 3, 4). Although euchromatic nuclei were 
not usually present, instances of these nuclei associ- 
ated with AL also were seen (Fig. 5). The general pro- 
file of AL was similar to that of the controls. In some 
lamellae, they were separated at  the annulus, and the 
annuli were disintegrated (Fig. 4). Figures 6a-e show 
degeneration of the chromatin and nuclear pores. At 
first, such nuclear components were unaffected. With 
the development of degeneration, condensed chromatin 
reduced its original density. Although the pattern of 
the pores was retained, the area behind each pore, 
which was originally chromatin-free, was replaced by 
dense materials. In some nuclei, despite abundant ar- 
eas of perichromatin gaps arranged in line, no nuclear 
pores were found in contiguity with these areas (Fig. 
6e). 

At the later stages of neostigmine treatment (56 and 
112 days), when euchromatic and false inclusion-con- 
taining nuclei were usually observed, organelle accu- 
mulation decreased and subjunctional structures re- 
covered (Kawabuchi, 1982). At 56 days of treatment, 
there was a significantly higher percentage of AL in 
the region of false nuclear inclusions compared with 
the frequencies of these AL shown for other neostig- 
mine treatment groups; the frequency of AL in other 
regions of the sarcoplasm was reduced compared with 
the value at 7 days (8% in 56 days vs. 24% in 7 days, 
P<0.05) (Table 2). The occurrence of AL in such sites 
corresponded to that seen in normal conditions, that is, 
beside extensions of the nucleus (Fig. 7). The AL of this 
site sometimes took a well-developed form (Fig. 8). The 
distribution of nuclear pores in the false inclusion-con- 
taining nuclei was either sparse (Fig. 8)  or abundant 
(Fig. 9). 

When electron micrographs of the end-plate regions 
were examined in the controls, only several short seg- 
ments of microtubles within the soleplate sarcoplasm, 
tending to cluster in a perinuclear rim, were usually 
detectable. Two hours after administering neostig- 

mine, the profiles of microtubules were rarely seen. On 
the other hand, abundant microtubules clumping in 
multiple sites of sarcoplasm were a conspicuous feature 
of the 7-day and 21-day samples (Figs. 5, 10, Table 4). 
This indicates microtubule enrichment at this stage, 
which is in contrast to the control and 2 hour muscles 
(P<O.OOl). Most subjunctional components (nuclei, 
Golgi, AL) lay among arrays of microtubules. 

DISCUSSION 
From the sequence of events in the soleplate nuclei 

during neostigmine treatment, it appears that nuclei 
showing pyknosis and/or degeneration may become 
normal or degenerate. The results of our study 1) allow 
us to suggest possible mechanisms of AL formation 
during the early drug treatment period in which many 
soleplate nuclei showed abnormalities and how they 
were formed during the late drug treatment period, 
when most visible nuclei appeared to be reconstructed, 
and 2) show the temporal relationship between AL and 
microtubule quantity. These findings aid in clarifying 
the pattern of AL formation in myofiber injury. 

Possible Mechanism for the Origin of AL in Other Regions 
than Those in False Nuclear Inclusions 

Numerous examples of such AL were observed in 
addition to  the noninvaginated surface of nucleus. For 
purposes of discussion, three possible mechanisms for 
their origin can be proposed. One possibility is that AL 
arise from cisternae of the endoplasmic reticulum in 
the vicinity of the nucleus. No evidence of nuclear en- 
velope blebbing and subsequent fusion of cytoplasmic 
vesicles to form AL-like cisternae (Kessel, 1963, 1973, 
1983; Wischnitzer, 1970) was apparent in our micro- 
graphs. In addition, there was no evidence to suggest 
that pore complexes of these AL are differentiated in 
restricted regions of the preformed endoplasmic retic- 
ulum (Hoage and Kessel, 1968; Franke et al., 1972; 

Abbreviations 

AL annulate lamellae 
M membrane aggregates 
My myofibrillar disruption 
P pore complex of the AL 
R nemaline rod 



ANNULATE LAMELLAE I N  NEOSTIGMINE MYOPATHY 5 

Fig. 1. Early stage of nuclear pyknosis, along with severe damage 
in the subjunctional organelles, seen in the motor endplate lesion of 2 
hour muscle. Note that the major nuclear abnormalities involve 
marked chromatin condensation and that the nuclear pore sites are 
indicated by gaps in peripheral chromatin (arrowheads). x 13,000. 

Fig. 2. Pore complex of the AL in the soleplate sarcoplasm (AL); 7 
day muscle. Around the AL are numerous ribosomes, polysomes, and 
membrane aggregates (M). x 38,000. 

Maul, 1977a). A second idea deals with the possible 
migration of AL from the original site, i.e., false nu- 
clear inclusions. ALs in the original site, however, 
were rarely observed, which probably derives from de- 
generative changes in the content of an inclusion (my- 
elin figures in the nucleus in Fig. 4). 

A third possibility is that the noninvaginated nu- 
clear envelope has a main role in AL formation. The 
frequent observation of the AL-nucleus association is 
consistent with the view that the AL may originate 
from the nuclear envelope by delamination (Afzelius, 
1955; Merriam, 1959). A freeze-fracture study of the 

Drosophia embryos has revealed that pores form a par- 
ticular packing configuration on the nuclear envelope 
in the form of hexagonal arrays; the profiles of these 
pores are indistinguishable from those of the cytoplas- 
mic AL (Stafstrom and Staehelin, 1984). Thus, the nu- 
clei may provide nuclear pore clusters for AL organi- 
zation. In the present study, abundant nuclear pores 
were detected in the euchromatic nuclei or in the nuclei 
showing the earliest stage of nuclear pyknosis as 
shown in the 2 hour muscle (Fig. 1). In the pyknotic 
nuclei associated with AL, a progression of changes 
leading to the loss of nuclear pore was evident (Figs. 
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Fig. 3. A stack of AL located some distance from the nucleus; 7 day 
muscle. The myofibrillar disruption (My) and development of nuclear 
pyknosis characterize end-plate pathology at this stage. The closely 
packed chromatin materials of one of the pyknotic nuclei seem to be 
intact (inset). x 22,000 (inset: x 70,000). 

Profiles of AL in close proximity to the surface of pyknotic 
nucleus. Close contact between pore complex of the AL (PI and outer 

nuclear envelope is displayed in the inset (white arrowhead). Black 
arrowheads indicate areas where annuli have been or may be 
“breaking down” (Van De Velde and Van De Velde, 19681, as evi- 
denced by separation of the lamellae and diffuse appearance of the 
annuli. The nuclear matrix is abundant in materials of sarcoplasmic 
origin. Chromatin of this nucleus as shown in inset is similar in ap- 
pearance to that of Figure 3. x 27,500 (inset x 48,000). 

Fig. 4. 
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Fig. 5. Pore complex of the AL adjacent to euchromatic nucleus 
(Nu); 7-day. The sarcoplasm is filled with abundant microtubules (ar- 
rowheads). Arrows indicate pores of the nucleus. x 42,000. 

Sequence of events in chromatin and nuclear pores. Nu- 
clear pore regions are indicated by arrows. a: Normally there is a 
nuclear pore region with a circular heterochromatin-free area on the 
nuclear side. b Nuclear pores appear unaffected in the 2 hour muscle. 
c, d: 7-day and 21-day samples, respectively; the distinct arrange- 

ment of the nuclear envelope along the nuclear surface is retained, 
but the area behind the pore region, which is originally clear, is re- 
placed by dense materials (white arrowheads). e: Abundant perichro- 
matin gaps arranged in line (arrows) is present as an area without the 
pores and do not have a corresponding membrane specialization. The 
degenerated profile of chromatin is evident in d, that is, loss of ho- 
mogenicity in size and density. a-d, X 68,000 e, X 65,000. 

Fig. 6. 
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Fig. 7. Stack of AL (thick arrows) in the region of false nuclear 
inclusion; 21-day muscle. Note the trapping of sarcoplasmic materials 
in the nuclear envelopes showing folds. The nucleoplasm is disorga- 
nized, being filled with numerous vesicular profiles. A nuclear pore 
(thin arrow) as well as perichromatin gaps unassociated with the 
nuclear pores (arrowheads) are seen. Inset The short, single stack is 
in contact with the nuclear envelope, showing vertical extension of a 

lamella from the nuclear surface. The general appearance of chroma- 
tin seems intact. x 30,000. Inset: x 51,000. 

Stack of well-developed AL (AL) and pore complex (P) of the 
AL in the region of false nuclear inclusion; 21-day. These AL profiles 
are present near the outer leaflet of the nuclear envelope enclosing 
the false inclusion (arrowhead). R, nemaline rod. x 20,000. 

Fig. 8. 

6a-d). There was, however, a portion of the nucleo- 
plasm having clusters of perichromatin gaps without 
corresponding membrane specialization (Figs. 6e, 7). 
This is consistent with the elimination or formation of 
the nuclear pores; as suggested by Maul et al. (1971) 
and Maul (1977b). Although the genesis of these alter- 
ations is unknown, either elimination or new forma- 
tion of the nuclear pores could be related to  the AL 
formation process. Thus, pores are packed on nuclear 
envelopes, and these envelopes detach from the nucleus 

and take the same profile as AL. This phenomenon can 
be envisioned not only in the euchromatic, but also in 
the abnormal (pyknotic or degenerated) nuclei. 

Mode of AL Formation in the Region of False 
Nuclear Inclusions 

Distribution of AL of this type was identical to that 
reported in the soleus muscle of young rats (Kawabu- 
chi, 1983), i.e., outgrowths or outfoldings of the nuclear 
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Fig. 9. The nuclear pores (P) are present, but not in a crystalline 
array. Accumulation of ribosomes and polysomes around the porelike 
complex (P) in the region of false nuclear inclusions is apparently 
more conspicuous than in the surrounding soleplate sarcoplasm; 112- 
day. x 23,000. 

Fig. 10. En face view of the nuclear porelike annuli (P); 21-day 
muscle. Note the regular spacing of the annuli and their close asso- 
ciation with the microtubules (arrowheads). x 44,000. 

TABLE 4. Incidence of microtubules (mean and 
standard deviation) 

N’ Microtubules’ Standard deviation 
Control 4016 4.143 5.22 
2 hours 1513 2.0g3 
7 days 1513 27.28 
21 davs 1513 20.15 

3.67 
16.20 
18.15 

‘Number of endplateshumber of rats. 
2Average number of microtubules per unit 17.12 pm2 soleplate sar- 
coplasm as expressed by the size of the negative film at X 15,000. 
3Each value is significantly different from 7 days and 21 days 
(P<O.OOl, t-test). 

envelope and the annuli that are infolded. Bal et al. 
(1968) proposed delamination of AL from foldings of 
the nuclear envelope, but their hypothesis does not 
cover a possible budding of the folded nuclear envelope. 
It suggests instead a close apposition, tightening of the 
folds, and detachment from the nucleus. In the present 
study, the concomitant increase in the incidence of 
false inclusion-containing nuclei and of AL in this site 
suggest acceleration of nuclear invaginations and in- 
clusions initiating AL delamination. Repeatedly, out- 
folded segments of the nuclear envelope then become 
infolded, as units of well-developed, parallel stacks. It 
is possible that the abundant nuclear pores associated 
with the nuclei having the inclusions as shown in Fig- 
ure 9 indicate a site where they can develop and form 
a crystalline array typical of the AL. 

Role of AL in Region of False Nuclear Inclusions 

With the coincidental development of muscle repair 
and nuclear reeuchromatization, formation of AL of 
this type was enhanced. The formation of false nuclear 
inclusions may derive from not only a degenerative 
process (Johnson and Woolf, 19691, but also from an 
active process such as increased nucleocytoplasmic ex- 
change (Leduc and Wilson, 1959a,b). In the soleus mus- 
cles of young rats, the soleplate nuclei are commonly 
invaginated so highly as to form numerous false nu- 
clear inclusions (“sarcoplasmic pockets”) (Cardasis and 
Padykula, 1981; Cardasis, 1983; Kawabuchi, 1983). 
These sites sometimes contain AL and unusual sarco- 
plasmic structures, e.g., membrane aggregates andlor 
unassembled myofibrillar components connected to 
thick elongated Z crystals (Kawabuchi, 1983). A possi- 
ble role of these AL was to serve as a carrier of nuclear 
information when sarcoplasmic organelles are exces- 
sively synthesized andlor assembled. Such a role is con- 
sistent with a hypothesis suggested by Cardasis and 
Padykula (1981) and Cardasis (1983) that the sarco- 
plasmic pockets are related to myofiber growth and are 
one of the loci of contractile protein synthesis and myo- 
fibril assembly in the subjunctional regions of adult 
myofibers. It is considered that in either normal or 
pathologic muscles, the sarcoplasmic pockets would 
constitute a reserve for the addition of sarcoplasmic 
components and thus aid in a demand for high rates of 
protein synthesis during muscle repair, myofiber 
growth, etc. The well-developed AL seen in this site 
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could be a morphological expression to amplify such 
reactions. 

AL and Microtubules 

It has been suggested that excessive Ca disrupts cell 
components, including the microtubular system (cited 
by Engel, 1979). Thus, the decreased abundance of mi- 
crotubules caused by the primary effect of neostigmine, 
an excess of Ca, is likely. Such an event was followed 
by a subsequent concomitant development of AL and 
microtubules. Debrabander and Borgers (1975) ob- 
served the effects of a variety of antitubulins on several 
lines of cultured cells and suggested that AL enrich- 
ment is induced by disintegration of the microtubules. 
The present study offers an experimental model to in- 
vestigate if any cause and effect relation exists be- 
tween AL and microtubules and how Ca-mediated 
pathokinesis is involved in this process (now under 
study). 
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