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Summary. 2,4-Dithiobiuret was given i.p. to rats for 
4 days at a daily dosage of 1 mg/kg and the develop- 
ment of the lesion associated with neuromuscular dys- 
function studied in hindlimb lumbrical muscles. The 
first morphological indication of neurointox[cation 
was the appearance in some motor endplates of masses 
of branching tubular smooth endoplasmic reticulum 
(SER) on day 2 which correlated with the initial func- 
tional disturbances. By the 3rd day, most motor 
endplates were distended by accumulations of dense- 
cored, lucent and synaptic vesicles, abnormally 
swollen mitochondria, intermediate filaments and 
branching, tubular SER. Evidence of collateral axonal 
sprouting was seen first at this time. On days 4 and 5, 
many motor endplates were markedly enlarged and 
showed axoplasmic organelle congestion. A signifi- 
cant increase in synaptic vesicle size was noted at these 
times in some terminals. Interposition of Schwann cell 
processes between the pre- and postsynaptic mem- 
branes and terminal retraction was now evident. Some 
intramuscular nerves showed hydropic Schwann cell 
cytoplasm with separation of the outermost myelin 
lamellae, mitochondrial swelling and adaxonal vacu- 
oles as early as the 1st day. Proliferation and segre- 
gation of SER around central cores of neurofilaments 
was seen in myelinated nerve fibres and preterminals 
on the 3rd day. At this and later times accumulations 
of SER and swollen mitochondria were found at sites 
of axonal varicosities and at the paranodal constric- 
tions at nodes of Ranvier. These ultrastructural data 
are discussed with regard to reduced terminal Ca 2 + 
content (demonstrated by oxalate-pyroantimonate 
cytochemistry) and compared with the sequelae of 
botulinum intoxication. 
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2,4-Dithiobiuret (thioimidodicarbonic diamide, DTB) 
is a thiourea derivative with moderate reducing prop- 
erties which has been used commercially as a plant 
root growth promoter, polymer stabiliser, rodenticide 
and as an intermediate in the preparation of resins 
and thermoplastics (see Atchison et al. [6] for refer- 
ences). The demonstration of DTB neurotoxicity in 
rats initially by Astwood etal. [2] and later by Atchison 
and Peterson [3] placed into perspective the potential 
risk due to occupational exposure of industrial and 
agricultural workers. They showed that daily admin- 
istration of DTB (1 mg/kg) to rats resulted in a delayed 
onset, flaccid, skeletal muscle weakness, which was 
unrelated to muscle impairment, was associated with 
hypothermia and ataxia and led to death of approxi- 
mately 50% of the animals within 4 -  5 days. Surviving 
animals recover mobility within a few days of with- 
drawal of DTB but remain weak and listless for several 
weeks [25]. 

Intensive electrophysiological and pharmacologi- 
cal studies [4, 6, 7, 38, 39] have provided evidence that 
DTB-induced muscle weakness is characterised by a 
deficit in neuromuscular transmission represented by 
a reduction in acetylcholine quanta released from the 
presynaptic terminal. That is, the defect appears to be 
prejunctional and is not due to functional impairment 
or blockade of the acetylcholine receptor situated on 
the postjunctional (sarcolemmal) membrane [71. 

The disruption of normal transmission of the ac- 
tion potential at the neuromuscular junction and the 
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negative influence that this might be expected to have 
on the trophic relationship between nerve and muscle 
led Kemplay [25] to undertake a morphological study 
of innervation patterns during the onset of muscle 
weakness and during recovery after withdrawal of 
DTB. Employing the zinc iodide-osmium tetroxide 
method of Akert and Sandri [1] marked increases in 
staining density of motor endplates and intra-muscu- 
lar nerves were observed in lumbrical, soleus, tibialis 
anterior and sternocostalis muscles on the 3rd day of 
treatment, which were coincident with the onset of 
generalised muscle weakness. In the sternocostalis 
muscle, a retraction of the motor endplate resulted in a 
change in its shape from the normal terminal arborisa- 
tion to a more 'clumped', rounded form. This occurred 
as early as the 3rd day and was associated in all 
muscles examined with terminal sprouting, although 
collateral axonal sprouting was present in the stern- 
ocostalis muscle only. These data provided by Kem- 
play [25] allude to compromise of the normal nerve/ 
muscle functional relationship followed by the 
endplate's urgent response directed at its restoration 
which, when viewed in conjunction with diminished 
treadmill performance and loss of tetanic tension of 
gastrocnemius contractions in response to sciatic 
nerve stimulation [41], provides strong support for the 
hypothesis [4, 5] that DTB-induced muscle weakness 
results from an impairment of acetylcholine release at 
the neuromuscular junction. 

The objectives of the present studies were twofold. 
Firstly, to determine the earliest ultrastructural alter- 
ations in motor nerves and endplates within the lum- 
brical muscles of rats treated with DTB for up to 
5 days and to define more clearly the evolution of the 
pathological lesion so as to place it into the context 
of the development of the functional disturbances. 
Secondly, to gather information which might provide 
some insight into its mechanism of action. 

Materials and methods 

Preparation of dithiobiuret solution 

DTB (Ash Stevens Inc, Detroit, USA) was dissolved in 50 gl 
dimethylsulphoxide and diluted with sterile isotonic saline to 
achieve a final DTB concentration of 1 mg/ml. Dosing solutions 
were prepared daily. 

treated in the same way but received vehicle only. The animals' 
weight and condition, especially signs of neurological impair- 
ment were closely monitored. 

Preparation of tissues 

Under deep ether anaesthesia group 1 animals (for conventional 
ultrastructural studies) were killed at daily intervals by whole 
body perfusion with a solution of 4% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4) via the ascending aorta at an initial 
pressure of 150-160 mm Hg. Following further fixation in situ 
at 4~ overnight, the lumbrical muscles of the hindfeet were 
removed and washed thoroughly in the same buffer (3 x 15 min). 
The tissues were then immersed in a solution of 1% osmium 
tetroxide in 0.1 M cacodylate buffer (pH 7.2) for 2 h, dehydrated 
in an ascending ethanol series and 1,2-epoxypropane and finally 
infiltrated with and embedded in Agar 100/Araldite resin. 

Semithin sections (1 ~tm thick) stained with toluidine blue 
were examined by light microscopy to determine gross changes 
and to select areas for preparation of ultrathin sections. 
Ultrathin sections (70 -80  nm thick) were stained with a satu- 
rated solution of ethanolic uranyl acetate followed by lead citrate 
and examined in a JEOL, JEM 1200 EX transmission electron 
microscope at an accelerating voltage of 80 kV. 

Calcium localisation 

To determine the possible chelation of C a  2 + by DTB or elevated 
terminal Ca 2 + content and sequestration within cellular com- 
partments, calcium localisation was investigated using a slightly 
modified version of the method of Borgers et al. [8]. 

Accordingly, group 2 animals were killed at daily intervals 
under identical conditions by perfusion with a solution of 4% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) containing 
(90 raM) potassium oxalate (BDH, Poole, Dorset, UK). Follow- 
ing excision of the lumbrical muscles they were immersed in the 
same oxalate-containing fixative at 4~ overnight. The tissues 
were then washed several times (6 x 10 rain) in a solution of 
7.5% sucrose, containing 90 mM potassium oxalate brought to 
pH 7.4 with potassium hydroxide. After washing, they were 
postfixed for 2 h at 4~ in a solution of 1% osmium tetroxide 
and 2% potassium pyroantimonate in 0.01 M acetic acid 
(pH 7.4, adjusted with KOH). After a 20 (2 x 10)-min rinse in 
distilled water brought to pH 10 with potassium hydroxide the 
tissues were dehydrated in an ascending ethanol series and 1,2- 
epoxy propane for 15 min/step and finally infiltrated with and 
embedded in a 1:1 mixture of Agar 100/Araldite resin. 

To determine the chemical composition (calcium content) 
of the precipitate, mounted ultrathin (70 -80  nm thick) tissue 
sections were immersed in a 5 mM solution (pH 7) of EGTA 
[ethylene glycol-bis-(//-amino ethyl ether) N,N-tetraacetic acid; 
Sigma London Chemical Co Ltd] for 2 h at 60 ~ C. Sections were 
then rinsed in sterile water (20~ and dried. Controls were 
incubated in sterile water under the same conditions. 

Animal maintenance and dosing regime 

Two groups of 16 and 8 female Wistar rats (designated groups 
1 and 2, respectively) weighing 150-160 g and supplied by 
Charles River, Sittingbourne, Kent were housed in plastic, solid- 
floored cages and fed rat cubes (Rat and Mouse Breeder Diet, 
B.P., Nutrition, Witham, Essex) and tap water ad libitum. 

Animals were given DTB once daily by i.p. injection at a 
dosage level of 1 mg/kg for up to 5 days. Control animals were 

Synaptic vesicle quantitation 

Synaptic vesicle diameters were measured to determine whether 
alterations in the vesicular turnover process at the terminal may 
influence neuromuscular transmission during DTB intoxication. 
Consequently, five motor endplates were sampled from one ani- 
mal on each of days 1 to 5 during treatment with DTB and 
compared with one control animal (day 0). One hundred synap- 
tie vesicles lying in the vicinity of  the presynaptic membrane 
were selected from enlarged micrographs of these terminals at a 
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final magnification of 50,000- 75,000. Care was taken to ensure 
that whenever practicable this sample consisted of a continuous 
band of vesicle-filled terminal cytoplasm to reduce sampling 
bias. Vesicle diameter was calculated as the mean of the sum of 
the greatest diameter and that perpendicular to it. 

The measurements derived from each endplate represented 
'grouped frequency data' and were treated accordingly. Varia- 
bility of synaptic vesicle diameters both within and between 
endplates was calculated by analysis of variance. Assessments 
of differences in synaptic vesicle diameters due to DTB treatment 
were based on comparisons of group means of five endplates 
per animal. 

Results 

Functional disturbances 

The appearance and condition of the animals was 
similar to that described by Kemplay [25]. Control 
animals gained weight steadily and were alert, agile 
and active. Their neurological functions were normal 
as demonstrated by their ability to balance on and 
cling to a horizontal pole. 

Treated animals showed no overt signs of intoxi- 
cation within 1 day of the first dose of DTB, but were 
clearly affected following the second dose. They were 
withdrawn, would not grasp a horizontal pole and 
were reluctant to cling to and walk along it. However, 
they moved confidently over a flat surface, albeit less 
actively than normal. On the 3rd day the animals were 
hypothermic, showed a generalised weakness and lay 
quietly on the cage floor. They were just capable of 
lifting their heads but were incapable of drawing their 
limbs beneath them. Their hindlimbs appeared weaker 
than their forelimbs, locomotion being reduced to a 
slow crawl only and they were unable to grasp a hori- 
zontal pole. By day 4, the animals were incapable 
of movement and of consuming food and water and 
displayed extremely laboured breathing. Approxi- 
mately half of the animals that began the experiment 
had died by this time; progressive respiratory failure 
and dehydration appeared to be contributory factors. 
No DTB was given to the animals after the 4th day. 
Animals surviving until day 5 showed these same func- 
tional disturbances. 

Morphological changes in intramuscular nerves 
and motor endplates 

The ultrastructure and function of the normal mam- 
malian neuromuscular junction have been described 
extensively by Gauthier [16] and Buller [9]. 

Briefly, the terminal of the motor nerve (motor 
endplate) makes close contact with a highly specialised 
area of the muscle fibre sarcolemma forming the 
neuromuscular junction (Fig. 1). Within the motor 
endplate many rounded synaptic vesicles exhibiting a 
narrow mean size range (Table 1) are packed closely 
together and fill the terminal, lying subjacent to the 
presynaptic neurilemma. Occasionally, clusters of ves- 
icles abut the presynaptic membrane at discrete (ac- 
tive) sites situated opposite the postsynapticjunctional 
clefts of the sarcolemma. Numerous elongate mito- 
chondria, an occasional multivesicluar body and a few 
branched strands of the smooth endoplasmic reti- 
culum (SER) are interspersed among the packed syn- 
aptic vesicles which show homogeneous (moderate) 
electron density. Some intermediate filaments and 
microtubules normally extend from the preterminal 
axon into the terminal forming a central core of 
vesicle-free axoplasm which does not impinge on the 
presynaptic membrane. It is noteworthy that oc- 
casionally a few, fine Schwann cell filopodial or lamel- 
lar processes, lying on the prejunctional aspect of the 
sarcolemmal basal lamina, partially separate the 
endplate from the postsynaptic junctional celfts. Pre- 
terminal axons and intramuscular myelinated fibres 
are unremarkable except that sometimes, small focal 
aggregates of the SER and/or mitoghondria are found 
lying subjacent to the axolemma at sites of axonal 
varicosities (Fig. 2). 

Treatment with DTB produced no ultrastructural 
changes in motor endplates and preterminal axons 
within 24 h of the first dose. However, some in- 
tramuscular myelinated nerve fibres were strikingly 
altered at this time with separation of the outermost 
myelin lamellae and hydropic Schwann cell cytoplasm 
which contained distended elements of the rough en- 
doplasmic reticulum (RER) and swollen mitochondria 
(Fig. 3). Within the myelin sheath several large 

Fig. 1. Motor endplate. Control. Terminal axoplasm is filled with elongate mitochondria and rounded synaptic vesicles which lie in 
close proximity to the presynaptic membrane. Some coated vesicles (arrowheads) and a few tubular elements of the smooth endoplasmic 
reticulum (SER) (arrows) lie between these organelles, x 34,880 

Fig. 2. Intramuscular myelinated fibre. Control. Small amounts of branching tubulovesicular elements of the SER (arrows) associated 
with a few mitochondria are located at sites of axonal indentations, x 12,740 

Fig. 3. Intramuscular myelinated fibre. Dithiobiuret (DTB) -- day 1. Three fibres show marked hydropia of Schwann cell cytoplasm 
with mitochondrial swelling, while one fibre appears normal (N). Distended adaxonal vacuoles contain an amorphous material which 
resembles a serum-like fluid (arrows). Axoplasmic ultrastructure is unaltered apart from some increase in electron density, x 6,900 
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Figs .  1 - 3 
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Table l. Synaptic vesicle quantitation 
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Day Synaptic vesicle diameter Range (nm) 
n = 100/endplate n = 100/end plate 
Mean +- 1 SD 

Group mean (nm) + 1 SD 
n = 5 endplates 

Standard error of difference 
of means 
(lower and upper limits) 

0 50.2+34.4 33 .6 -  67.2 
(Control) 47.7 + 32.5 33 .6 -  67.2 

50.5• 31 .1 -  72.5 
53.7+_39.1 31.1-- 82.8 
45.4+_25.4 30 .9 -  61.8 

1 53.1 +_68.9 32 .4 -  64.8 
47.8+_31.0 40 .2 -  60.3 
51.3+_36.3 33 .6 -  92.4 
52.8 +_ 33.8 42 .0 -  67.2 
51.5_+31.3 33 .6 -  75.6 

2 50.3 +_ 30.1 33 .6 -  67.2 
47.6+_31.9 33 .6 -  67.2 
53.6+43.2 40 .2 -  67.0 
45.9 +_ 34.2 32 .4 -  64.8 
56.6+_41.3 40 .5 -  84.0 

3 47.9+33.1 33 .5 -  73.7 
51.1_+32.8 33 .5 -  80.4 
50.1+36.6 33.5-- 67.0 
48.8 +_ 32.4 33 .6 -  67.2 
57.2 +_ 50.0 31.1 - 104.0 

4 55.5+_23.9 40 .5 -  81.0 
48.2+_35.0 33.6-- 67.2 
57.5+38.6 42 .0 -  84.0 
54.8 +_ 33.9 4 2 . 0 -  67.2 
61.1 _+48.6 33.6-100.8 

5 52.5+36.2 33 .6 -  84.0 
58.1 +_41.8 42.0-100.8 
57.8_+43.0 41 .4 -  93.2 
53.9_+ 32.8 40 .2 -  80.4 
55.3+30.8 25 .8 -  82.4 

49.5+33.8 

51.3+38.8 

50.8 + 35.7 

51.0 + 38.5 

55.4-t-37.1 

55.5-36.3 

1.821 
( - -4 .012-  7.654) 

2.011 
( -3 .339-8 .327)  

1.504 
(--4.329-7.337) 

5.898 * 
(0.065-11.731) 

6.019" 
(0.186-11.852) 

* Significant at 5% confidence level. P < 0.05 

adaxonal vacuoles containing a flocculent, moderately 
electron-dense material were seen. Frequently, the 
axoplasm adjacent to these vacuoles was unusually 
electron dense but no other abnormal features, e.g. 
swollen mitochondria, were encountered. The im- 
pression'that this finding was treatment-related and 
not of artifactual origin was strengthened by the obser- 
vation that not all fibres in a small bundle were simi- 
larly affected and to the same degree. 

The first change in motor endplate morphology 
was present on day 2. Most endplates were normal 
at this time but a small minority showed excessive 
amounts of SER arranged as membranous, in- 
terconnecting tubulovesicular profiles accumulated 
within the terminal and preterminal axons (Fig. 4). 

By the 3rd day, some endplates retained the normal 
distribution of organelles, while many now showed 
increased numbers and packing density of synaptic 

Fig. 4. Motor endplate. DTB - day 2. Masses of branching tubular SER (arrows) are prominent within the terminal axoplasm and 
represent the first indication of intoxication, x 29,500 

Fig. 5. Motor  endplate. DTB - day 3. Terminals congested with swollen mitochondria, synaptic vesicles, large lucent vacuoles and 
a few elements of tubular SER. An amorphous, moderately electron-dense material extends between these organelles (arrow). x 28,640 

Fig. 6. Motor endplate. DTB - day 3. Similar features to Fig. 5 but note the virtual absence of synaptic vesicles from the vicinity 
of the presynaptic membrane indicated (arrows) and their replacement by some SER and amorphous material, x 27,680 

Fig. 7. Motor endplate. DTB -- day 3. Electron-lucent terminal axoplasm containing swollen, abnormal mitochondria and a few 
distended vacuoles originating from the tubular SER. x I4,360 
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Figs. 4 -  7 
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vesicles. By comparison with controls, these latter 
endplates appeared more rounded and distended and 
contained increased numbers of dense-cored and lucent 
vesicles, multivesicular bodies and altered mitochon- 
dria (Fig. 5). In some, branched cisternae of the SER, 
myelin whorls and skeins of intermediate filaments 
were now more abundant. At this time too, a floccu- 
lent, amorphous material appeared in some terminals 
increasing their electron density (Fig. 6) and was often 
situated adjacent to the presynaptic membrane. In 
many of these, mitochondria were unusually electron 
lucent compared with controls and with those in adjac- 
ent Schwann cells and myocytes. Electron-lucent mito- 
chondria were also seen in a minority of endplates 
which were packed with intermediate filaments, 
contained some membrane whorls and dilated 
cisternae and few synaptic vesicles (Fig. 7). No evi- 
dence of endplate degeneration or retraction was seen, 
although one, long unmyelinated axon originating 
from a myelinated fibre was encountered close to an 
endplate. This was regarded as being a collateral 
axonal sprout on the basis of dimensions and struc- 
ture. 

At this time, all preterminals and myelinated nerve 
fibres showed axoplasmic organelle segregation to a 
greater or lesser degree (Fig. 8) such that bundles of 
tangled intelTnediate filaments separated clusters of 
lucent mitochondria, microtubules or large masses of 
branching, tubular SER profiles: A few, membrane- 
bound, electron-lucent vacuoles were occasionally as- 
sociated with these latter structures. Within the small 
groups of intramuscular myelinated fibres accumu- 
lations of tubulovesicular SER profiles were concen- 
trated on both sides of the axonal constriction at nodes 
of Ranvier. Some Schwann cells investing axons with 
markedly altered axoplasmic structure displayed the 
hydropic changes described above while others ap- 
peared normal. 

On day 4, many motor endplates now showed 
marked enlargement (Fig. 9) and distortion which was 
associated primarily with increased abundance and 
packing density of intermediate filaments and of syn- 
aptic vesicles; some of these latter were significantly 
larger than normal (Table 1). These were usually dis- 
tributed ubiquitously throughout the terminal axo- 
plasm, although focal clusters were sometimes seen. It 
is noteworthy that not all endplates showed significant 
alterations in synaptic vesicle diameters when com- 
pared with controls. Larger, electron-lucent vacuoles, 
autophagosome-like bodies, membranous whorls, 
dense-cored and coated vesicles were also present in 
greater numbers. Mitochondria were either of normal 
appearance or lucent and swollen as described pre- 
viously. More endplates (especially those that showed 
marked distension) contained large amounts of 

branching tubular SER profiles, which usually, were 
associated with large bundles of intermediate fila- 
ments. Elements of the SER and individual filaments 
occasionally lay close to the presynaptic membrane. 
The amorphous material seen in some endplates on 
day 3 now filled more endplates and extended prox- 
imally into the preterminal axon. Interposition of 
Schwann cell filopodial and lamellar processes be- 
tween the pre- and post-junctional membranes of the 
neuromuscular junction was now encountered more 
frequently. In some instances the extent of this interpo- 
sition was such as to separate these membranes by 
approximately 1 5 % - 8 5 %  of the full contact zone 
seen in the tissue section, thus, significantly reducing 
the area of functional contact between the two sides 
of the neuromuscular junction (Fig. 10). At this time 
too, some constituent parts of individual motor end- 
plates appeared to be retracting or had retracted away 
from the post synaptic membrane (Fig. 1 i). At some 
neuromuscular junctions a significant proportion of 
endplate terminals were found to have become disas- 
sociated from the postsynaptic sarcolemmal specialis- 
ations at that junction. In some instances Schwann 
cell cytoplasm had replaced the presynaptic terminal 
at this site (Fig. 12). 

In general, the changes seen in intramuscular 
myelinated fibres and preterminals were as described 
above, except that now the accumulated SER and 
intermediate filaments were more prominent (Fig. 13). 
OrganeUe accumulations, especially of mitochondria 
and SER were commonly encountered at proximal 
and distal paranodal axonal constrictions indicative of 
supply by both anterograde and retrograde axoplas- 
mic transport, respectively. In intramuscular fibres 
disproportionately thin myelin sheaths were more fre- 
quently associated with axons distended with packed 
branching tubular SER. In one instance, an un- 
myelinated axon sprout was observed lying between 
an endplate and the last heminode of its motor axon. 

On day 5 no further increase either in size of motor 
endplates or, in the extent of endplate retraction above 
that seen on the 4th day was noted.The ultrastructural 
features of the neuromuscular junction and in- 
tramuscular myelinated nerve fibres were similar to 
those described above. 

No evidence of myocyte damage either at the sole 
plate region or elsewhere was seen at any time. 

Calcium localisation 

Borgers et al. [8] have suggested that the oxalate- 
pyroantimonate reaction in osmicated tissues prod- 
uces an intensely electron-dense granular deposit at 
the site of C a  2 + location. Confirmation of the calcium 
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Fig. 8. Intramuscular nerve fibre - oblique 
section. DTB - day 3. Part of the last 
myelinated heminode of this fibre showing 
segregation of axonal organelles namely, inter- 
mediate filaments, swollen mitochondria and 
branching tubular SER (S) on the proximal 
side of the paranodal terminal myelin loops. 
• 17,420 

Fig. 9. Motor endplate. DTB - day 4. Ter- 
minal swellings (S) and axoplasmic distension 
by accumulations of packed organelles. 
x 4,890 

Fig. 10. Motor endplate. DTB - day 4. Inter- 
position and separation of  terminals from the 
junctional sarcolemma by Schwann cell lamel- 
lar processes (arrows). Note the loss of func- 
tional contact between pre- and postsynaptic 
membranes, x 13,360 
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Fig. 11. Motor endplate. DTB - day 4. Inter- 
position of Schwann cell lamellar processes 
between pre- and postsynaptic membranes 
(arrow). One terminal appears to be retracting 
away from the postsynaptic sarcolemma 
(arrowheads). x 13,900 

Fig. 12. Neuromuscular junction. DTB - 
day 5. Terminal retraction with Schwann cell 
cytoplasm remaining on preterminal aspect 
(arrows). x 35,620 

Fig. 13. Intramuscular nerve fibre. DTB - 
day 5. Segregation of axoplasmic orgataelles 
into a central core (C) of intermediate fila- 
ments and mitochondria adjacent to peripher- 
ally displaced masses of branching tubular 
SER (S). Note the hydropic Schwann cell cyto- 
plasm and adaxonal lucent vacuoles, x 11,750 

Fig. 14a, b. Motor endplate. Control. Oxa- 
late - pyroantimonate cytochemistry, a Pre- 
cipitates present in almost all synaptic vesicles 
and in the tubular elements of the SER. Note 
the degree and distribution of reaction product 
in the sarcoplasm of the adjacent muscle fibre. 
b Increased magnification of terminal 
axoplasm from a motor endplate from the 
same animal. Precipitate is ubiquitously dis- 
tributed throughout terminal organelles. The 
heavy deposits in mitochondria are due to 
artifactual swelling during fixation. 
a x 27,800; b x 43,500 

Fig. 15 a, b. Motor endplate. DTB - day 4. a 
Degree and distribution of reaction product is 
reduced within these terminals showing 
organelle congestion while that in the adjacent 
sarcoplasm is similar to control levels, b In- 
creased magnification of one terminal (shown 
in a) emphasising the reduction in terminal 
reaction product. Precipitate is reduced in 
both artifactually expanded mitochondria and 
in those abnormally swollen due to treatment. 
a x 15,360; b x 28,200 
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Figs. 14 and 15 
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content of precipitates was provided by their removal 
during EGTA incubation. 

In morphologically normal motor endplates in 
functionally normal animals, electron-dense deposits 
were present in the majority of synaptic vesicles, the 
SER and multivesicular bodies (Fig. 14). Deposits 
were also found within these organelles in preterminals 
and myelinated nerve fibres. Intact mitochondria 
contained few, fine electron-dense particles of reaction 
product. However, partial mitochondrial swelling re- 
sulting as an artifact of fixation produced heavy depo- 
sition of reaction product in the expanded (disrupted) 
area. The sole-plate cytoplasm also contained heavy 
deposits with the notable exception of mitochondria 
which showed only a faint 'stippling' of fine granular 
material. Extrafibrillar sarcoplasm contained the 
heaviest electron-dense deposits in the vicinity of the 
Z-line, this being located primarily in the ground cyto- 
plasm - very little being contained by either the 
sarcoplasmic reticulum or the triad system. The pat- 
tern of precipitation within the components of the 
sarcomere was striking. Fine granular material was 
frequently associated with the contractile compo- 
nents, especially the thick (myosin) myofilaments, 
often outlining the M-band with two parallel linear 
concentrations of particles. No deposits associated 
with the Z-line were seen, although the adjacent I-band 
often contained high densities of reaction product. 

The distribution and compartmentalization of re- 
action product was unchanged on days ] and 2. The 
tubulovesicular SER profiles seen increasingly in ter- 
minals from the 2nd day showed moderate amounts 
of reaction product while synaptic vesicle deposits 
were normal. Electron-lucent areas within the axonal 
and terminal SER and adaxonal vacuoles in in- 
tramuscular myelinated fibres contained heavy de- 
posits. 

In some endplates on days 3 and 4 fewer synaptic 
vesicles contained particulate deposits. Overall, pre- 
cipitation appeared reduced (Fig. 15) by comparison 
with controls, especially when terminal and sole-plate 
cytoplasmic reaction product deposition were com- 
pared. In others, with high organelle packing density 
and much amorphous ground material, a sparse, fine, 
reaction product was present throughout the terminal 
cytoplasm both within and between organelles. 

Discussion 

Hitherto, no histological or ultrastructural evidence 
has been provided for pathological alterations in 
muscle [4], brain, spinal cord or peripheral nerves [41] 
of DTB-intoxicated animals. A large body of evidence 
derived from pharmacological and electrophysio- 

logical studies [3-5,  7, 38-41] supports the hypo- 
thesis [4, 7] that DTB neurotoxicity is manifested by 
an effect at the neuromuscular junction. Observations 
of collateral (axon) and terminal (motor endplate) 
sprout formation studied [25] in several muscles of 
DTB-intoxicated rats beginning within a few days of 
the initial dose lend considerable weight to the prop- 
osition that some deficit in neuromuscular trans- 
mission and not muscular performance is responsible 
for the functional disturbances. The importance of 
this observation lies in the inference that the trophic 
interrelationship between nerve terminal and muscle 
has broken down. Indeed, Ironton et al. [21] indicate 
that terminal sprouting arises in inactivated muscle, 
which during DTB intoxication appears to be prod- 
uced by failure of impulse transfer at the neuromuscu- 
lar junction. 

The rapid onset of a functional deficit in animals 
treated with DTB has been demonstrated in this study 
to parallel closely the development of morphological 
changes in motor nerves and their terminals in rat 
lumbrical muscles. First indications of functional im- 
pairment observed between 24 and 48 h (i. e. after the 
second dose) are contemporaneous in some motor 
endplates with abundant branching tubular SER pro- 
files. Such interconnecting SER profiles are not found 
in the normal preterminal and motor endplate and 
represent the earliest demonstrable ultrastructural 
change due to DTB. It is germane to this discussion 
to establish the morphological differences between the 
branching tubular SER profileS and microtubules. 
Microtubules are characteristically straight and un- 
branched and display a regular diameter of 25 _+ 
2 nm. By contrast, the accumulations of SER in preter- 
minals and motor endplates comprise branching, in- 
terconnecting, membranous structures which, in 
places, have a diameter similar to that of microtubules 
but also display focal varicosities and dilatations. By 
the 3rd day, when severe functional impairment was 
evident the majority of motor endplates showed sig- 
nificant structural changes, a minority being unaffec- 
ted. At this time, many terminals exhibited a consider- 
able degree of 'cytoplasmic congestion' being distend- 
ed with organelles not normally associated with this 
site and an apparent elevation in abundance, size and 
packing density of synaptic vesicles, 10-nm intermedi- 
ate filaments, SER and mitochondria. These early in- 
dications of reduced functional efficiency are sup- 
plemented at later times (days 4 and 5) in some 
endplates by signs of severe functional depression, 
namely Schwann cell interposition at the junctional 
cleft, terminal retraction and sprout formation. 

The first indication of intoxication, namely, the 
appearance of masses of tubular SER profiles in pre- 
terminal and terminal axoplasm appears to represent 
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the initial response to functional impairment and fol- 
lows some time after the proximal lesion, possibly 
within a few hours of the second dose. Intoxication 
with zinc pyridinethione, ZPT [28--31] is character- 
ised by SER accumulations comparable in both ap- 
pearance and location to those following DTB treat- 
ment. Electron microscopic autoradiography of lig- 
ated sciatic nerves indicated that these profiles were 
derived from both anterograde and retrograde axo- 
plasmic transport and led Sahenk and Mendell [32] to 
conclude that membrane accumulations were linked 
to an abnormality of ' turn around' of fast transported 
materials at the distal axon (terminal). However, the 
relationship between reduced 'turn around' and motor 
terminal functional deficit is not clear. Hypertrophy 
of tubulovesicular SER is most commonly associated 
with induction of hepatic microsomal drug meta- 
bolising enzymes (P-450 monooxygenases) dur- 
ing chronic administration of a wide variety of xeno- 
biotic substances and has not until recently [23, 37] 
been correlated with drug metabolism in the nervous 
system. Volk et al. [34-36] have described tubulo- 
vesicular SER accumulations in cerebellar Purkinje 
neurons following chronic phenytoin administration 
to C57/BL6J mice. They suggest that SER hyper- 
trophy develops as a consequence of neuronal cyto- 
chrome P-450 induction and that this may occur either, 
at the axon terminal of these neurons or, in the 
perikaryon followed by transport by anterograde 
axoplasmic flow to the terminal resulting in enlarge- 
ment of the presynaptic area. Consideration of the 
appearance of distal axonal SER accumulations in 
DTB and possibly also in ZPT intoxications as a mani- 
festation of induced drug metabolising enzymes may 
profit our understanding of these events. 

DTB-induced defects in neuromuscular trans- 
mission and the subsequent terminal and collater- 
al axon sprouting that result [25] are strikingly similar 
to the sequelae of botulinum intoxication [12, 13] and, 
therefore, merit consideration with regard to common 
bases of action. Current evidence indicates that 
botulinum toxin, in its several immunologically dis- 
tinct forms [33], acts presynapticalty to prevent acetyl- 
choline release from cholinergic terminals. Normal 
function involves calcium entry into presynaptic ter- 
minals [24] followed by exocytosis of acetylcholine 
quanta (synaptic vesicles) at active zones [14, 18, 19]. 
Investigations of the involvement of disruption of 
C a  2+ dynamics in experimental botulinum intoxi- 
cation are at variance with one another. Motgo and 
Thesleff [27] speculated that the stimulatory effect of 
the toxin on metabolic processes of Ca 2 + removal 
from the terminal might account for blockade of trans- 
mitter release in botulinum intoxicated muscles. While 
the failure of calcium ionophores to restore quantal 

release of acetylcholine during botulinum toxin block- 
ade led Kao et al. [22] to conclude that the toxin does 
not act by affecting C a  2+ entry into terminals and 
that interference with the process of exocytosis is re- 
sponsible for the functional defect. Hirokawa et al. 
[20] in an elegant study, which made use of the obser- 
vation that nerve terminal mitochondria swell and 
s e q u e s t e r  Ca 2 + following its influx into the nerve dur- 
ing repetitive nerve stimulation, demonstrated that 
botulinum toxin inhibits this influx. They reasoned 
that inhibition of the normal depolarization-evoked 
calcium fluxes, that accompanies nerve activity which 
provides the calcium that initiates synaptic vesicle ex- 
ocytosis, is a valid basis for its mechanism of action. 
Antagonism of botulinum intoxication by 4-amino- 
pyridine was explained by Metezau and Desban [26] 
as resulting from an increase in C a  2 + released from 
sequestered cytoplasmic stores within the nerve end- 
ing. These data are all the more intriguing when viewed 
with regard to the findings of Atchison et al. [7], in 
which 4-aminopyridine when given to DTB-intoxicat- 
ed rats restored acetylcholine release during nerve- 
elicited muscle responses in a dose-dependent manner. 

It was in the light of this evidence that calcium 
localisation by oxalate-pyroantimonate precipitation 
was undertaken in the present study of DTB intoxi- 
cation to investigate whether or not some perturbation 
of Ca 2 + dynamics was involved in the physiological 
dysfunction brought about by DTB. In control tissues, 
abundant calcium was present both within the ter- 
minal and the adjacent muscle fibre(s). Following 
DTB treatment terminal cytoplasmic precipitation 
was reduced - most notably in synaptic vesicles and 
indicative of some reduction in terminal calcium con- 
tent. Differential (non-stoichiometric) calcinm-oxa- 
late/pyroantimonate reaction [10] is an improbable 
explanation of this result as the precipitates were 
extractible by EGTA and the degree and distribution 
of sarcoplasmic precipitation was consistent in control 
and DTB-treated muscle. It would appear then, that 
a feature of DTB intoxication involves a reduction in 
the terminal 'free' C a  2+ pool, i.e. that available for 
both involvement in the initiation of synaptic vesicle 
exocytosis and the oxalate cytochemical reaction. 

We now understand that neuronal SER buffers in- 
tracellular calcium in the normal physiological range 
[11, 15, 17] and that this process involves ATP-depen- 
dent Ca 2 +-transport systems similar to those which 
operate in the sarcoplasmic reticulum. The role of 
the SER in circumstances where cytosolic calcium is 
reduced below normal levels for relatively long periods 
is open to speculation. However, hypertrophy of this 
organelle in response to altered calcium levels may 
represent a reparative reaction aimed towards resto- 
ration of ionic equilibrium. 
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Finally, the studies of Williams et al. [40] of antag- 
onism of DTB neurotoxicity pose new questions as to 
its mechanism of action and point the way for further 
investigations. They observed that several thiol-con- 
taining chelating agents, namely, disulfiram, diethyldi- 
thiocarbamate, D-penicillamine and cysteamine and 
one non-thiol-containing chelator (2,T-dipyridyl) pro- 
tected against the effects of DTB in a dose-dependent 
manner. Not only were the neuromuscular deficits 
reversed (as seen with 4-aminopyridine), but the other 
physiological disturbances associated with the intoxi- 
cation were resolved after 5 days of treatment. In 
highlighting the fact that DTB and its metabolites, 
as well as DTB antagonists chelate divalent cations 
Williams et al. [40] consider several potential mechan- 
isms of actions. First, functional impairment may re- 
sult directly due to a DTB-metal chelate. Second, DTB 
could function as an ionophore, transporting and pro- 
moting intraneuronal accumulation of metal (possibly 
copper) to toxic levels. They further propose that 
manifestation of this toxicity may effect an uncoupling 
of oxidative phosphorylation, alterations in mem- 
brane structure and integrity and inhibition of fast 
axoplasmic transport. These hypotheses may be tested 
in an empirical manner by determination of motor 
endplate elemental composition in suitably prepared 
specimens by energy dispersive electron-probe X-ray 
microanalysis or by electron energy loss spectroscopy. 
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