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SUMMARY

The quarternary carbamate, pyridostigmine bromide, has
been suggested for use 1n prophylaxis against intoxication
WJith lrreveraible cholineaterase inhibitora. Since virtually
no anatomical data were avallable concerning the neurc-
muscular toxicity of the drug, a atudy was undertaken to
evaluate the effects of acute and subacute-doses of pyrido-
atigmine on the ultrastructure of rat diaphragm neuromuscular
runctiong (NMJa) and muscle fibers. The resulte of these
inveatigations were reported in the annual report for Year 1
cApril 1, 198% - March 31, 1984) of contract DAMD-17-83-C-
3ize, The data asuggested a dozs-dependent affect of
pyridostigmine which resulted In both pre- and postaynaptic
aiterations of the diaphragm NMJa. During Year 2 of the
contract, the inveatigations have besen expanded to include
analyasez ot the effects of different modes of pyridoatigmine
administration on three muscles (diaphragm, extenaor
digitorum longus and 2oleua). In addition, phyz2iological
recovery processaes, as reflected by morphological changes,
nave been aszez2aed during extended periods following drug
expoaure. The results of theae studises are summarlized balow
and detailed 1n the Metnods, Rasylts, and Digcussion sactions
ot this report,

Neuromuscular junctions from diaphragm, soleus and
extensor digirtorum longus (EDL) muacle= of male albino rata
were azsesszed for morphologiesl alterations following acute
(30 Minute) and subacute (2-14 day) exposure to pyrido-
stigmine and during postexposure recovery periods of up to 60
days. The experiments were designed to provide data
nece22ary to accompliesh three goala which were: (Goal 1) to
compare the effectas of drug administration by single injec-
tion and by osmotic minipump (continuous infusion), (Goal 2)
to determine 1f pyridoatigmine selectively affecta faat or
alow twitch muscle fibers, and (Goal 3) to monitor and
evaluate morphological changes during long-term recovery.

To complete Goala 1 and 2, the diaphragm, soleus and EDL
muacles were aelected to compare the effecta of the method of
drug adminiatration (injection veraua infuaion) on muaclea of
different fiber type compnaition. The diaphragm haa
approximatley equal numberas of type I and type II {fibera
while the acleua and EDL poasess primarily type I and type II
fibera reapectively. Pyridoatigmine waa adminiatered to each
acute exposure animal by a single aubcutaneous injection of
9.36 m3/’kg pyritdoastigmine and to each aubacute exposaure
animal by a subcutaneoualy implanted oamotic minipump
containing 10 mg/ml pyridoatigmine. Both treatmenta reauvlted
in a whole blood cholineaterase (ChE) depreasion of
approximately 60-70% aa determined by radiometric assay.
Control animals recived only Meatinonn-equivalent diluent.
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Both acute and subacute exposures resulted in morphological
alteration of the NMJs of all three muscles, although
considerable variation in the extent of damage occurred even
within individusl NMJs, The mnast {reguently chsaryved
presynaptic alterations were mitochondrial damage and partial
withdrawal of nerve terminal branchea (partial densrvatlionl.,
fostesynaptic changes included occasional rarefaction of
mitochondrial matrices and disruption of the, myofibrillar
organizaticn in small numberas of gsubjunctional sarcomerea.
The data indicate that acute or subacute exposure to
pyridostigmine bromide at a whole blood ChE depression of 60-
70% results in similar alterations to the NMJs of three
muscles with substantially different fiber type populationsa.
At thie dose level, the severity of the damage varied from
fiber-toa-fiber 1in an apparently random manner and did not
appear to be related to a aspecific fiber type or dosage
regimen.

To accompligh Goal 3, leong term recovery procegsegsz were
evaluated following exposure 2o 1.0 mg/kg pyridostigmine by
aingle 1tnjection and following 14 days of expoasure to
pyridostigqnine by ocamotic minipump (total dose 20 mg
pyridoatigmine). Recovery waa analyzed at 7, 14, 2!, 35 and
&0 daya feoliowing withdrawal from drug. Whole blood
cholineteraase activity levele were monitored by radiometric
assay before, during and periodically feollowing drug
SRpoaure., Following a 30 minute expoaure to 1.0 mg/kg, ChE
levels were depressed to approximately 90% of preinjection
valuea. Animalas exposed to 10 mg/ml pyridostigmine
maintained a relatively constant ChE depression of
approximately 70% throughout the 14 day exposure period.
Preliminary data indicate that postexposure ChE values
inittally exceeded pre-exposure ChE levela and then fluctated
at least through day 35 of recovery.

At the dose levels studied, NMJs nf all three muscles
initially underwent the typical pre- and postsynaptic
alteratione deacribed above. Aa previoualy reported, signe
of partial denervation increased during the 35 day period
following pyridoatigmine expoaure by aingle injection or
minipump. However, indicationa of terminal sprouting were
alao apparent by day 21 of the recovery period. Although
asome pre- and poataynaptic morphological irregularitiea
peraiated at day 60 of recovery, the general trend apprared
to be toward recovery of pre-expoaure morphology in a.l three
muaclea. At preaent, it appeara that the aoleua may undergo
a longer recovery period than the diaphragm and EDL.
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Citations of commercial organizations and trade names in this
report do not constitute an official Department of the Army
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In conducting the research described in this report, the
investigator adhered to the "Guide for the Care and Use of
Laboratory Animals," prepared by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Cour<il (DHEW Publication No. (NIH)
78-23, Revised 1978).
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STATEMENT OF PROBLEM

Pyridostigmine bromide, a reversible anticholinesterase
drug, has been suggested for use in prophylaxis against
intoxication with irreversible cholinesterase inhibitors.
Recent 1nvestigationa have indicated that 1n ViVo axposure to
the drug results in morphoiongical slterations to the NMJs of
the rat diaphragm muacle (Hudaon and Foater,.!9384: Hudaon, et
al., 1985). In thes= satudiss, acute doses of pyridostigmine
promide tn Meatlnaﬂa-equ1valent bhuffer were adminlateraed by
si1ngle zubcutan2aous 1njection 1n dogsg that ranged from

2.0036 to 3.6 mg/kg (0,001 - 1.0 LDSO). Tissuea were
analyzed 1n the acute experiments 10 - 30 minutes and 2 and 7
days posatinjection. Subacute exposzurea were adminiatered by

subcutaneously implanted osmotic minipumps that contaitned
aither 3.0 or 20 mg pyridoatigmine in Mestinon -equivalent
buffer. Tiasues were analyzed after aubacute exposuresa of
3, 7 or 14 days and with poat-exposurre recovery times of 7,
14 or 23 days. In aelect anima.s, whole blood cholineasterase
activity was measured by radiomaetric assay. The morpho-
logical effects of the drug were localized predominantly at
the neuromuscular junction with both pre-and postynaptic
regions 1nvolved. The data indicated that there was varia-
tion in the extent of the damage between different muscle
fibers and between different areas of an individual NMJ.
With acute doses, there was a dose dependent response which
was manifest in terms of the location of the pathology. Low
doses seemed to affect the presynaptic area with no apparent
effects on the muscle cell. At higher doses (0.01 -1.0
LDS0), both pre- and postsynaptic elements became involved.
The subacutre doses examined also created dose dependent
lestionsa in the diaphragnm. At 14 days, the 20 mg dose group
exhibited pre- and postsynaptic alterations which wsre more
axtenaive than thoae seen in the 3 mg group although no
subacute dose created damage equivalent to that aeen 30
minutes after a single LDSO dose. Presynaptic alterations
incliuded withdrawal of the terminal from the junctional
folda, invasion of the synaptic cleft with Schwann cell
processes, and disruption of axon terminal organelles.
postaynaptic alterations included subjunctional supercon-
traction, disruption of myofibrillar apparatus with the z-
lines apparently being the most sensitive element, and
disruption of subjunctional mitochondria. Ultrasturctural
recovery of the diaphragm after acute or subacute exposure to
the drug varied. The evidence suggested that subacute
exposure had the greatest effect within the firast week of
exposure with additional exposure sustanining but not
appreciably increasing the extent of the lesion. Diaphragms
subjected to moderate acute doses exhibited a progression in
the degenerative process (including partial denervation) for
at least one week post-exposure. Evidence of recovery from
the drug-induced effects included reinnervation of junctional
6




areaa and the replacement or repalr of aubcellular elementa.
In gummary, data collected in Year 1 indicated a dose-
dezpendaent effect of pyridoatigmine on muacle ultraatructure
with evidence of subsedquent recovary.

While the data gathered during Year 1 added signifi-
cantly to the knowledge concerning the ultrastuctural effects
of pyridostigmine, the findinga also prompted a number of
additional queations. In anawer to some of theass, thiE
experinents conducted 1n Year 2 were designed to accomplish
the following:

a. to subjectively establish if pyridostigmine
exposaure by single injection itnduced more severe or extensive
damage than exposure by osmotic minipump when both methods
resulted 1n similar ChE depressions.

b. to determine if pyridostigmine selectively damages
one fiber type more severly than another.

c. to assess the recovery processes in
pyridostigmine-exposed diaphragm, EDL and soleua NMJs to
determine 1f the three muaclea recover in a aimilar manner
and time frame.




BACKGROUND

Pyridostigmine is an anticholinesterase drug acpable of
rapidly 1inhibiting acetylcholinesterase in mammals by
covalent enzyme carbamylation. Clinically in its Mestinon
formulation, the drug 12 used primarily in the treatment of
myasthenia gravia. Experimsntally when combined with
cholinolytic and oxime therapy, pyridoatigmine haa been shown
to be an effective prophylactic against systemic exposure to
Lrreverisible cholinesterase inhibitors.. Pyridostigmine
prophylaxis is due, preaumabably, to the continuing
production of a non-inhibited pool of acetylcholinesterase
which 1a derived from the spontaneocus decarbamylation of the
previously pyridostigmine-inhibited enzyme (Barry and Davie,
1970; Gordon, &t al., 1978; Dirnhuber, et al., 1979).

Numerous reports have established that the irreversible
cholineateraae inhibitors produce mycpathies and/or
neuropathies and are responsible for abnormal physiology at
the mammalian neruomuacular junction (Preuasaer, 1967; Ariena,
=t al., 1969: Fenichel, et al., 1972, 1074; Laakowaki, et
al., 1975; Wecker and Dettbarn, 1976; Wecker, et al., 1979:1

Salpeter, et al., 1979, 1982). Until recently, the
guarternary carbamate neoatigmine waa the only carbamate
anticholineaterase drug employed in anatomical atudies to
evaluate the potential toxicity of this class of drugs vis-a-
vis neuromuscular pathology (Engel, et al., 1973; Engel and
3anta, 1973; Ward, et al., 197%: Hudson, etal., 1978). The
paucity of anatomical data avallablse concerning pyrido-
stigmine-induced neuromuscular alterationa prompted our
raecent ultraatructural study which aasaessed preaynaptic
damajgje resulting from pyridoatigmine expoaureg (Hudson, et
al., 198%5). The data revealed that acute or aubacute
adminiatration of pyridoastigmine reaulted in withdrawal of
localized portions of the nerve terminal from the junctional
folda, 1nvaaion of the synaptic cleft by Schwann cell
proceazea and disruption of narve terminal organellea
(Hudaon, et al., 1985). Posatsynaptic changes included
disruption of myofibrillar organization and damage to
menbrane-bound organelles (Hudson, unpublished data). The
aeverity of both pre- and poastaynaptic alterationa was
doae dependent.

These results indicated the necessity to extend the
inveatigationa to eatabliah additional information concerning
the ultraatructural effecta of pyridoatigmine. Thus,
experimenta were deaigned to determine if drug adminlatration
by aingle injection induced asimilar or more severe NMJ
pathology than drug administration by continuoua infuaion
(osmotic minipump) when comparable ChE depressions were
maintained. Secondly, the NMJ alterations were compared in
the diaphragm, EDL and soleuas to eatabliah if pyridostigmine
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selectively affecta one fiber type more severely than
another. Finally, NMJs of all three muscles were monitored to
confirm Year 1 data that indicated recovery processes
occurrad followling pyridoatigmine exposure.

MATERIALS AND METHODS

Male albino rats (Edgewood or Charles River strains)
waeighing 180 to 250 gma received aubcutaneoua, acute and
subacute exposures to pyridoatigmine bromide. All acute
axpoaures were by single ayringe injectiona under the akin
ot the midback region and all subacute eﬁ?osures (maximum
14 daysa) were via oamotic minipump (Alzet’ 2ML2 minipunmp;
ALZA Corp., Palo Alto. Ca.) implanted under the skin of
the midback. Pyridostigmine bromide was admintatered in a
Meatinorn -eguivalent diluent compoged of 1.30 mg/ml citric
acid monohydrate, 4.10 mg/ml acdium citrate dihydrate, 0.50
m3y/ml methyl parsben, 0.05 mg/ml propyl paraben and 7.40 mg/
ml sodium chloride i1n sterile water at pH 5.1.

Acute Drug Exposure. Acute doses of pyridostigmine
ranged from 0.0036 mg/kg to 3.6 mg/kg (1LD )subcutaneous
injection = 3.6 mg/kg determined by probit analysis).
Animals 1n the acute control group received a single injec-
tion of the Mestinon' ~equivalent diluert. A minimum of 3
axperimental and 2 control animala were prepared for each
doae level analyzed. Theae animala were asacrificed under
deep barbiturate anestheasia by tranacsardiac vaacular per-
fuaien 10 - 30 minutea, and 2, 7, 21, 35, 60, and 90 daya
posatinjaection. Theae time perioda allowed evaluation of
acute drug effecta aa well aa ahort and long term recovery
procesaasa.

Subacute Drug Exposure. Subacutely treated animals
had 2 ml oamotic minipumps implanted aubcutaneocusaly to
provide continuocua infusion »f pyridoatigmine. Uae of
oamotic minipumpa allowed continuoua release of the drug in
order to maintain both tiasue-ChE and tisaue-drug levela asa

conatant aa poaaible.

Subacute doses were stud.ed using minipumps loaded with
10.0 mg/ml pyridostigmine bromide in the Mestinonn-equivalent
buffer. Control animals were implanted with minipumps
containing the Mestinon“-equivalent buffer. The morpho-
logical effecta of chronic infuaion af pyridastigmine ware
evaluated after periods of 2, 7 and 14 days exposure. The
proceases of recovery from asubacute pyridostigmine expoaure
were asaegsed 7, 14, 21, 35, and &0 days after a 14 day
expoaure by minipump. A minimum of 3 experimental and 2
control animals were prepared and analyzed for each doae at
each expoaure period. Since the Alzet pumpa utilized in

9




1a atudy released theilr contentas at approximately 5.9ul/hr,

wperimental animale were exposed to an approximate total
13 and 20 mg of drug on 2, 7 and 14 daya, reapec-
Blood ChE levele of =ach drug-treated and control

were analyzed (Siakotos et al., 1369 aee below?

cally (at least twice) during the course of the

nt.

or
h
14

oo
=4

O
[TTS

wort
ja]
2o G
3 to
=~

SRk T

2 -
[ Y]

Y
o oo

T
wom

T
i

-~

Preparation for Electron Micreosgopy. All a imals were

reparad by whole body perfusion through the left ventricle

ing  an initisl perfueate of KCL, 5.0p MglClh,, 1.0 CaCl2,
.t1; NaHCQa, 15.0: and Naprﬂa, 1.0) containing 10 unitasml
neparin folilowed by the fiwxation perfusate containing 2.5%
z.utaraldehyde in O.1M sodium cacodylate buffer (pH 7.4). The
serfusates were maintaimed at room temperature. The
~iraphragm and both goleus and EDL muaclea of each animal were
immediately removed and fixed for an additional hour in cold
2.5% gglutaraldehyde. NMJs were identitied by staining for
“HE i1n a solution of 5 mg acetylthiocholine iodide, 6.5 nl
2,1 M aodium cacodylate butfer (pH 7.4) with 0.2 M sucro-ce,
.S ml 0.1 M godium citrate, 1.0 ml 30 mM copper aulfate
and 1.0 ml ddH20 (modified from Karnovaky and Roots, 1964).
Erndplate regions and tissue remote from the endplates were
removed by careful dissection, postfixed in 1% 0s04, stained
2n blos 1n aqueous uranly acetate or 2% uranyl acetate in 70%
2thyl alcohol embedded in an Epon-Araldite mixture (10% Poly-
bed 812, 20% Araldite 70°C for 24 houra. Ultrathin sectioneg
ware cub with a diamond Knife using an LKB III or IV ultra-
nicrotome, poststained with lead citrate (Venable and
Zoggeshall, 1965) and aqueocus or methanolic uranyl acetate
and examined with a JEOL 100 CX electron microscope.
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Cholinesterase Assay. The radiometric method of
Si1akotos =t al. (1969) uaing C-acetylcholine as the ChE
substrate was utilized throughout. The relative ChE depreaa-
2150 1in whole blood (i.e., percent carbamylation of the
enzyme) produced by acute or aubacute exposaure to pyridoatig-
mine was determined. Blood (100 ul) was drawn from the tail
into heparinized capillary tubea and proceased £ob an imme-
diate asasy or frozen in Liquid nitrogen for subsequent
asgay. In order to test for the effects of fraazing whols
blook on the assay resulta, the 100 ul blood waa divided into
two S0 1 aliquots, one used for immediate aasay and the
other frozen for later asasay. Freezing prior to assay re-
aulted in a variation of approximately 5% of the ChE
depreasion eatablished by immediate assay. This was within
an acceptable range for the purpoase of the preasent study.

The enzyme assay was performed in the following manner.
Up to 100 ul usually S - S0 ul) of blood sample waa added ta
100 ul 0.1M sodium phoasphate (pH 7.4), 10 ul MgCl, and 100 ul
Mc-acetylcholine. The solution was mixed immediately and
10




incubated for S minutea at 37 °C (with ahaking). The reac-
tion waa stopped by adding sufficient reein-dioxanne mixture
(209 Amberlite CG - 120 x 8 and 100 ml dioxane) to increaae
the total volume to S ml. The enzymeresin-dioxane volume was
then brought to 10 ml with dioxane, mixed by inveraion (3
times) and centrifuged at 900g for 3 minutea. Then 1.0 ml of
aypernatant was combined with 10ml of cocktail and the radio-
activity assayed 1in a Beckman LS-7800 liquid acintillation
counter. A reagent blank waa run eimultaneocusaly using water
in place of =2ample. :

Since 1t was not practical to gather the ChE values for
all of the soutely-treated animale, a parallel study (using
a Jroup of rats not utilized in the morphological atudy) waa
employed to =atablish aome of the data for a dose-reaponae
curve of enzyme carbamylation at the time point of 30 minutea
proat-inlection (single subcutaneous). Animals i1n the re-
covery =2tudies were asaessed for whole blood ChE levela
pericd:ically throughout the 30 day period following exposure
oy aingle 1njection. A minimum of three drug-treated and one
control animal was uased for the determination of total whole
blood ChE depreasion at each doae.

For the animals which were in the subacute exposure
groups, ChE levels were assayed before and periodically after
the implantation of the ocamotic minipump. The aasay wasa
performed on theae animala (a) to confirm that each minipump
was releaaing the drug, (b) to satablish the general doae/ChE
depreasion relationship for each dose and each animal and (¢»
to determine the recovery of ChE levela during the 90 day
period following expoaure by single injection.

RESULTS

General Observation. Animals in the acute and subacute
treatment groups were monittored for behavioral aigna of
pyridostigmine intoxication periodically during the period
of drug exposaure, Animala in the acute expoaure groupa
received asingle subcutaneocua injectiona ranging in doae

from 0.36 to 1.0 mg/kg pyridoatigmine. Control animala
received aingle injectiona of diluent. Animala were
assessed for outward behavior responses 30 minutea following
injection. The behavior of animala in the recovery studies
were alao regularly evaluated throughout the poatexposure
pericd. No obvioua aigna of anticholinesterase intoxication
were detected in any of the animala in this acute exposaure

study.

Similarly, animala implanted with osmotic pumps contain-
ing 20 mg (10 mg/ml) of pyridostigmine of diluent exhibited
no detectable behavioral signs of pyridoatigmine intoxication

11




over the 14 day period of exposure or during subsequent re-
covery periods of up to 90 daya with the exception of four
animala. Theae 4 of 50 rata exhibited increased ocular sec-
retions (chromodacryorrhea) within the initial few houras of
pyridoatigmine expoaure but diaplayed no other typical aigns
of anticholineaterase intoxication. The chromodacryorrhea
cleared within the firat 24 houras of expoaure and did no
reappear. These animala aa well aas the reat of the experi-
mental animals remained aymptom-free for the duration of the
exlperiment.

Whole Blood Aazaaya. Whole blood ChE levels were determined
by redlometric asasy irmmediately prior to drug expoaure for
both short term and recovery dgroupse. To determine the acute
drug effects, pretreatment ChE values were compared to the
ChE activity 30 minutes postinjection (Graph-1). Control
animala (n=7) maintained an average ChE activity of 98.1% (SD
+ 3.2). In comparison, control animals for the subacute
exposure group (n=18), had an average ChE agctivity of 90.8%
(3D + 8.6) when assayed two days following implanting of
minipumpe. The effect of pyridostigmine adminiatered by
oamotlic minipump was reflected in aignificantly decreased ChE
activitiea in experimental animals (Graph 2). For the
purpose of comparing short term effects of pyridostigmine
administered by injection versue minipump, it isa important

to note that drug treatment resulted in an average ChE acti-
vity of 30.3% (3D + S$.,4, n=4) for the acute group and 38.5%
(SD +» 6.2, n=4) for the subacute group. Since the acute and
zubacute =xXposures used in this portion of study resulted inn
comparable reductions in ChE activity (60-70%), a compariaon
of the morphological alterations asasociated with the two
types of drug admintiatration waa made.

Morphological recovery of the NMJs of diaphragm, EDL and
soleus following a aingle injection of 1.0 mg/kg or 14 day
minlpump exposure 18 being aaaeasad. Whole blood ChE lavels
have been monitored at in-tervala through 60 days (90 day
atudiea are in progresa), following withdrawal from
pytidoatigmine. While detailed analyais is not yet complete,
the minipumpa depreaa whole blood ChE levela approximately
70% (Graph 2), through the 14 day period of expoaure.
Following the 14 day expoaure per-iod, the ChE levels were
frequently elevated above initial pre-expoaure values for up
to 35 daya poat-expoaure (ChE levela of animala in longer
recovery groupa ia currently being aasayed).

Ultrastructural Observations. NMJ structure was similar for
control preparations whether the animala were aubcutaneously
treated with Meatinona-equivalent diluent via aingle
injection (Fig. 1) or by oasmotic minipump (Fig. 2).
Similarly, no obaervable difference waa preasent between the
general morphology of NMJa from acute and subacute control
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In both cases, nerve terminal branches possessed numerous
synaptic vesicles and several mitochondria, each with a
homogeneous matrix. The nonsynaptic surfaces of the terminals
were overlaid with Schwann cell processes, while the synaptic
surfaces were closely opposed to the basal lamina of the primary
synaptic cleft. The 50 nm cleft was limited on the postsynaptic
border by the crests of the junctional folds. Each postsynaptic
mitochondrion also had a homogeneous matrix. The sarcomeres were
very regular in length with myofibrillar components organized
into easily recognizable A and I bands and 2 lines. These
features were also typical of NMJs from diaphragm and soleus
muscles from acute and subacute control animals (not shown).

Early Effects of Pyridostigmine Exposure by Injection and
Minipump. A 30-minute exposure to 0.36 mg/kg pyridostigmine
resulted in pre- and postsynaptic alterations of the NMJs of all
three muscles (Figs. 3, 4 and 5). NMJs in the diaphragm
frequently displayed localized regions of nerve terminal
withdrawal from the junctional folds (Fig. 3). Synaptic vesicles
often appeared so densely packed that virtually no space remained
to accommodate the amounts of terminal cytoplasm observed in
control terminals. Some mitochondria appeared similar to those
of control terminals (Fig. 3), while others possessed swollen
regions like those illustrated in the NMJs of the soleus (Fig. 4)
and EDL (Fig. 5). This variation of presynaptic mitochondria
structure was typical in the NMJs of all three muscles.

Postsynaptic mitochondria also exhibited a range of
morphologies following an acute exposure of 0.36 mg/kg of drug.
As illustrated, mitochondria of the diaphragm (Fig. 3), soleus
(Fig. 4) and EDL (Fig. 5) contained rarefied areas in the matrix.
Occasional mitochondria of all three muscles were also associated
with membranous, lamellar structures (Figs. 4 and 5). 1In
acdition, similar multilayered membrane structures (Fig. 4) and
other large vesicular structures containing membrane debris (Fig.
3) were observed. These were of undetermined origin. Sarcomere
structure was generally unaltered, although the subjunctional
myofibrillar structure was disorganized in occasional NMJs.

Subacute exposures also resulted in morphological alterations
to the diaphragm (Figs. 6 and 7), soleus (Fig. 8) and EDL
(Fig. 9). These changes were similar in nature to those observed
following the acute exposure. 1In these figures, swollen pre-
synaptic mitochondria are more prevalent in diaphragm NMJs (Figs.
6 and 7) than in soleus (Fig. 8) and EDL (Fig. 9). These changes
were similar in nature to those observed following the acute
exposure. In these figures, swollen presynaptic mitochondria are
more prevalent in diaphragm NMJs (Figs. 6 and 7) than in soleus
(Fig. 8) and EDL (Fig. 9) NMJs. Local separation of pre- and
postsynaptic components was common (Figs. 8 and 9). In some
regions, the crests of several junctional folds lacked the
typical opposing nerve terminal (Fig. 8). Instead Schwann cell
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processaa frequently occuptied the entire area normally

occupied by the nerve terminal. Such imagee were present in
all muscle types examined. In other casesza, the nerve
terminal remained hut was separated from postaynaptic

components by intervening Schwann cell proceesez (Fig. 9.

Postsynaptic alterations were also similar to those
ryeaulting from acute exposure to pyridostigmine. Character-
igti1c swelling cor rarefaction of mitochondrial matrix was
sften obzerved (F1g.6 and 7), but waa extremely variable.
Note that in o*ther NMJs, mitochondria appeared unaltered
tFig. 8) or reflected differences in the matrix density
tF19.9, compare mitochondria 1 and 2. In some aubjunc-
tianal reglons grasaly alteresed mitochondria contained
multi-layered membrane structurea (Fig. &, arrowhead; Fig.
7. While these differences have been i1lluatrated in
different NMJIs from different muscles, the same type of
variability was present within each muscle. Changes in
zarcomere organization was also variable. Note the total
loaas of myofibrillar corganizaticon in some NMJa (Fig. 7)
while more subtle changes were present in the z lines
ard myosin and actin filament organization in other NMJs
(Fig. 9). Compare Figures 6 and 7 which emphasize the
variability of damage obaerved in diaphragm NMJa. 1In thease
micrographs, the NMJs are from different animals, but similar
varlabllity waa observed within a sgingle muscle and was alao
present in the NMJs of soleus and EDL.

and Minipump. & 30 minute exposure of diaphragm (Fig. 10),
soleus (Fig. 12) and EDL (Fig. 14 and 15) NMJs to 1.0 mg/kg
of pyridoatigmine reaulted in ultraatructural changes very
aimilar in nature to those observed after a 30 minute
exposure to 0.36 mg/kg of drug. The only aignificant
differance vas a conatatant tendency toward increased
aaverity of the pathology. The moat notable preasynaptico
alterationa were evidenced aa occaaional aberrant
mitochondria (Fig. 14,15), partial withdrawal of nerve
terminal areas from postaynaptic junctional folds (Fig.
10,15) or aeparation of the pre- and poataynaptic componenta
by intervention of Schwann cell proceassa (Fig. 12,15).
Poataynaptic alterations were also aimilar to thoae obsaerved
at lower doses. Mitochondria frequently posaeasaed rarefied
or aswollen regions (Figa. 10, 12, 15) and the myofibrillar
organization of the asarcomerea was aometimrea diaerupted (Figas.
10, 15). While these various alterationa appear differently
in aome of the micrographa of the three different muacles, it
ia important to note that considerable variation occurred.
Thie variation ia emphasjized in Figa. 14 and 1S which reflect
the difference in the extent of damage within the EDL. The
damage to the NMJ in Fig. 14 iﬁPears modeat in comparison to




the partial denervation, as well as. mitochondrial and
myofxbrlllar involvement apparent ijn Fig. 15. Similar
Arzparity axizted 1N the degras of damajge avidenced from one
NHI to the next 1n the diaphragm and soleus muscles.

zimilarly, & 14 day exposure of pyridostrgmlne via osmoticC
minipump (total sxpoaurs 20 mg) reflected the szamne type of
alterationa (Figa. 16, 200 obaerved with ahorter drug
aRposures. Howaver., partisl denervation waa more axtengive 1N
cha NMJ2 of all three nusclea and postaynaptxc mxtochondrlal
xnvolvement was much l=28 pronounced (F.gs. 16, 18, z20) .

Recovery was observed in all three nuscles following
poth dosade reginans (Figs. 11, 1%, 17, 19, 51) . The
reaunlta of the acute atudles Sre 11lluatrated 1D the diaphragh
(Fig. 1020 and aolaug (Fig. 13) and n all thr=e nuscles
foilowind subacute aRpoAlY e (Figa. 17, 19, 203. while
Mozt mxcochondrial jpvolvement somnetines peraxsted
(FLg.132, this type of damage was not commonly abaarved
(Figs.10, 17, 19, 21> . The most consistantly observed
glteration remaining aftaer &0 day2 of recovery from acute2 angd
aubacute pyrldostigmine exposure was Schwann cell
intervantlon hetween the nerve terminal and 3unctional fold
mreats (Fig. 11, 137 . In addition, postsynaptic puclel often
possesaed vary jrregular marginsg and ware frequently
assocxated with numerous Golgi.
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DISCUSSION

Acute and subacute doses of pyridostigmine bromide which
caused whole blood ChE depression of 60-90%, resulted in
pre-and postsynaptic morphelogical alterations to every
diaphragm, scleus and EDL NMJ analyzed. Presynaptic damage
included swollen mitochondria and partial withdrawal of nerve
terminal branches. These two alterations were sometimes
aobserved in the same NMJ but also occurred independently.
Mitochondrial changes presumably reflect altered ionic
concentrations within the presynaptic compartment. Changes
in the spatial relationship of the nerve terminal and the
junctional fold crests were present as Schwann cell processes
in the primary cleft and/or by withdrawl of entire terminal
portions. Schwann cell processes have been reported as a
regular feature in the primary clefts of frog NMJs, but occur
only rarely in the control NMJs of rat muscles. Regional
withdrawal of a small proportion of mammalian NMJs occurs on
3 continuing basis i1n the normal process of synaptic turnover
(Cotman, =t al., 1981». In the rase of pyridostigmine
*reated NMJs, Schwann cell processes in the cleft and partial
withdrawal of nerve terminals act as a type of partial
denervation. Both phenomena effectively reduce the amount of
optimally functioning synaptic surface available. It is
apparent that this decrease in NMJ functional area is
enhanced by pyridostigmine exposure although the mechanism
responsible for the change is not known. It should by noted
that the reduction in apposing pre- and postsynaptic surfaces
does not necessarily imply a concomitant reduction in
neuromuscular function. Some portions of each NMJ appear
morphologically sound and may possess the ability to function
at a level which does not significantly impair animal
behavior. Appropriate electrophysiological studies are
required to assess the effect of decreased synaptic area on
function.

Pyridostigmine-induced postsynaptic damage included
changes in membrane bound organelles,, most notably the
mitochondria, and/or diaruption of sarcomere organization.
These two categories of alterations sometimes occurred in the
same NMJ but were not mutually dependent. Abnormalities in
membrane bound organelles presumably reflects inappropriate
ion concentrations resulting from drug exposure. Extremely
high levels of Ca**accumulate in the endplate regions
(Salpeter, et al., 1982). These high levels of Ca** may
also result in disruption of myofibrillar integrity by
mediating Ca** -activated proteases which attack particular
muscle proteins (Salpeter, et al., 1982). The myofibrillar
changes associated with the acute and subacute doses of
pyridostigmine used in this investigation, are mild in
comparison to those seen at higher acute doses (Hudson, et
al., 198%).

16




—

Since the diaphragm, soleus and EDL have different fiber
type compositions (Hudson, et al., 1982) the possibility
existed that exposure to pyridostigmine might affect the
three muscles differently. Similarly, drug administration by
single injection results in a rapid rate of ChE inhibition
with maximum ChE depression approximately 30 minutes
postinjection while a minipump inhibits ChE more slowly with
maximum ChE depression occuring 4-12 hours following the
minipump implant. Thus, the further possibility was present
that the mode of drug administration might result in
differences in the severity of morphological alteration.
These data indicate that acute and subacute doses of
pyrodistigmine which produce an approximate ChE depression of
60-70% result in morpholaogical alterations to diaphragnm,
aoleus and EDL NMJs which are variable within each nuscle
analyzed. The diaphragm appeared to reflect greater pre- and
poataynaptic alterations in at least some NMJa. However, the
differences were not consistent enough or significant to
allow a subjective determination that the diaphragm is more
aeansitive to pyridostigmine exposure. Quantitation of the
alterationa would be necesaary to positively determine if
asignificent differences exist in the drug sensitivity levels
of the three muscles. Thus, at these dose levels, drug
induced alterations did not appear to be selectively
associated with a specific muscle type or mode of drug
administration with analysis of animals subjected to short-
term exposure. The possibility exists that selectivity might
be observed at different dose levels.

With increased periods of analysis following single
injection or 14 osmotic minipump exXposure, recovery was
evident in all three muscles. While evidence is somewhat
subjective, it appears that the nuclei in NMJs from animals
in the 14 day subacute exposure group possessed aberrant
nuclei with extremely irregular margins after 60 days of
recovery than did the NMJs from animals in the acute exposure
group. The significance of this observation is not currently
known. However, nuclei of this type are normally associated
with cells very high metabolic levels.

The following conclusions were drawn from the
experiments performed in Contract Year 2.

1. At a ChE depression of 60 - 70 %, no discernable
difference in the severity of NMJ damage is apparent
between pyridostigmine exposure by aingle injaection or
osmotic minipump.

2. Ultrastructural alterations to NMJa of diaphragnm,
soleus and EDL were similar in extent and nature feollowing

short term exposure to pyridostigmine. Thus, at a ChE
depresaion of 60 - 70 %, pyridoatigmine exposure doea not
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appear to selectively affect one muscle fiber type more
severely than another.

3. Diaphragm, soleus and EDL NMJs all reflect evidence
~f recovery from acute and subacute exposure to pyrido-
stigmine following 60 day drug-free period. Current datas

indicate that the soleus may reguire a more extensive
recovary period than the diaphragm and EDL.

RECOMMENDATIONS

Pyridostigmine-induced alterations occur at the NMJs
of three muscle types atudied, and thus established the toxic
effectas of the drug on fast twitch (EDL)>, slow twitch
tsoleus) and mixed (diaphragm) nuscles. However, contract
work completed in Yeare 1 and 2 haa provided strong evidence
that the damage which follows pyridostigmine exposure ia
reverai1ble 1n all three muacles. Furthermore, recovery
processes were evidenced even after moderately high drug
exposures which induced whole blood ChE depressions of 70-
0%, Since the potential for recovery from pyridostigmine-
induced damage appears to be substantial, further evaluation
cf the drug as a potential prophylactic agent against
intoxication by organophosphate agents - 'is strongly
encouraged. Specifically, the following recommendations have
been formulated.

1. Extended recovery studies (S51imilar Lo thoaa
deacribed herein) particularly of animals axpofssd ta
roderately low levels of pyridostigmine (20-30% ChE
depreassion) for 14-21 days should be performed to determine a
time courae for complete recovery. Theae data would allow
more preciase extimates of anticlpated recovery ratea in
humana.

2. A aeriea of experimentsa ahould be deasigned to asaeaa
the mechanism of damage at the NMJ. Specificslly, the pre-
and postsynaptic movement and accumulation of iong involved
1n neuromuscular transmission should be evaluated. A more
thorough underatanding of the molecular mechanism of the
effects of pyridostigmine would allow more judicious
selection of dose and duration of exposure in military
personnel.

3. A series of experiments should be designed to assess
the acute and subacaute effecta of pyridoatigmine on
exercisad animals or on in vitro atimulated muscles. A study

of this nature could reveal functional and/or behavioral
alterations not manifest in reated animalas. Such data would
provide a more aubatantial baae for predicting pyridoatigmine
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effecta on military personnel functioning under conditionsa of
stress.

LITERATURE CITED

1.

Artiena, A.T., E. Meeter, O.L. Wolthius, and R.M.J.
VanBenthem. 1369. Reversible necrosis at the enad-
plate region in striated muscles of the rat poisoned
with cholinesterase i1nhibitors. Experientia. 25:
57-59.

Berry, W.K. and D.R. Davies. 1970. The use of
carbamates and atropine in the protection of animala
againat potaoning by 1, 2, 2Z-trimethylpropyl
methylphoaphonofluoridate. Biochem. Pharnac.
19:927-3234.

Brimijoin, S. 1983. Molecular forme of acetyl-
cholinesterase in brain, nerve and muscle: Nature,
localization and dynamica. Prog. Neurobiol. 21:
291-322.

Chang, C.C., T.F. Chen, and S.T. Chuang. 1973.
Influence of chronic neostigmine treatment on the
number of acetylcholine receptors and the release
of acetylcholine from the rat diaphragm. J.
Physiol. 230:613-618. 1973,

Cotman, C.W., M. Nieto-Sampedro and E.W. Harris. 1981.
Synapse replacement in the nervoua asystem of adult
vertebrates. Physiol. Rev. 61:684-784.

Dirnhuber, P., M.C. French, D.M. Green, L. Leadbeater
and J.A. Stratton. 1979. The protection of
primates against soman poiscning by pretreatment
with pyridostigmine. J. Pharm. Pharmacol. 31:295-
299.

Engel, A.G., E.H. Lambert and T. Santa. 1973 Study of
the long-term anticholinsateraase therapy: Effects
on neurcomuscular transmission and on motor and end-
plate fine structure. Neurology 23:1273-1281.

Engel, A.G. and T. Santa. 1973. Motor end-plated fine
structure: Quantitative analysis in disorders of
neuromuscular transmission and prostigmine-induced
alterations. In: Developments in Electromyography

and Clinical Neurophysiology, 1:196-228. ed. J.H.

RS aalan ee—-aa —_———aa

Desmedt. S. Karger, Basel.

Fenichel, G.M., W.D. Dettbarn and T.M. Newman. 1974.
19




190.

11.

14.

15.

16.

17.

18.

19.

20.

An experimental myopathy secondary to excessive
acetylcholine release. Neurology 24:41-45.

Fenichel, G.M., W.B. Kibler, W.H. Olson and W.D.
Dettbarn. 1972. Chronic inhibition of cholines-
terase as a cause of myopathy. Neurology 22:1026-
1033. ’

Foster, R.E. and C.S. Hudaon. 1983. The effect of
pyridoatigmine bromide on the morphology of the rat
ditaphragm. J. Cell Biol. 97:237a.

Gillies, J.D. and J. Allen. 1977. Effects of neostig-
mine and pyridostigminé at the neuromuacular
junction. Clin. Exp. Neurol. 14:271-279.

Glazer, E.J., T. Baker and W.F. Riker, Jr. 1378. The
neuropathology of DEP at cat soleus and neuromusc-
ular junction. J. Neurocytology. 7:741-738.

Gordon, J.J., L. Leadbeater. and M.P. Maidment. 1978.
The protection of animals against organophosphate
poisoning by pretreatment with a carbamate.
Toxicol. Appl. Pharmacol. 43:207-216.

Guth, L. 1868. ’"Trophic’” influences of nerve on muscle.
Physiol. Rev. 48:645-687.

Harris, L.W., Stitcher, D.L., and Hey, W.C. 1980. The
effects of pretreaments with carbamates, atropine
and mecamylamine on survival and on soman-induced
alterations in rat and rabbit brain acetylcholine.
Life Sci. 26:1885-1891.

Heuser, J.E. and T.S. Reese. 1973. Evidence for re-
cycling of aynaptic veaicle membrane during the
tranamitter release at the frog neuromuscular
junction. J,. Cell. Biol., 57:315-344.

Hudson, C.S. 1985. Recovery of rat neuromuscular
junctiona from in vivo expoaure to pyridoatigmine.
J. Cell Biol. Abatract, in preaa.

Hudson, C.S., S.S. Deshpande and E.X. Albuguerque.
1984. Conaequences of axonal transport blockade by
batrachotoxin on mammalian neuromuscular junction.
III1. An ultraatructural atudy. Brain Rea. 296!
319-332.

Hudson, C.S., R.E. Foater and M.W. Kahng. 1985a.
Ultrastructural effects of pyridoatigmine on
neuromuscular junctions in rat diaphragnm.
Neruotoxicology, in presa.

20




—_— )

21. Hudson, C.3., R.E. Foater and M.W. Kahng. 1985b.
Neuromuscular toxicity of pyridostigmine bromide in
the diaphragm, extensor digitorum longus and gscleus

musclea of rat. Fundam. Appl. Toxicol., 1n press.

2. Hudaon, <¢.S., J.E. Rash, T.N. Tiedt apd E.X.
Albugquergue. 1978. Neostigmine-induced alterations
at the mammalian neuromuscular -unction. II.
Dltraastructure, J. Pharmacol. Exp. Ther. 205:340-
355,

23. Karnovsky, M.J. and L. Roots, 1964. A direct coloring
thiocholine method for cholinssterases. J. Hiato-
chem. Cytochenm. 12:213-221.

24. Kawabuchi, M., M. Osame, S. Watanable, A. Igata and T.
Kanasek:. 1976. Myopathic changes at the end-plate
region i1nduced by neoatigmine methylsulfate.
Experientia (Basel) 32:623-625.

25. Laskowski, M.B. and W.D. Dettbarn. 1975. Presynaptic
effecte of neuromugcular cholinesteragse inhibition.
J. Pharmacol. Exp. Ther. 194:351-361.

26. Laskowski, M.B., W.H. Olson and W.D. Dettbarn. 1975.
Ultrastructural changes at the motor end-plate
produced by an irreveraible cholineateraase
inhibitor. Experimental Neurol. 47:290-306.

27. Mark, R.F. 1980. Synaptic repression at neuromuscular
junctions. Physiol. Rev. 60:335-395.

28. Massoulie, J. and S. Bon. 1982. The molecular forms of
cholinesterase in vertebrates. Ann. Rev. Neurosci.
5:57-106.

29, Preuasser, H. 1967. Untraastruktur der Motorischen
Endplsate 1n 2werchfell der Ratte und Veranderungen
nach Inhiblerung der Acetylcholineaterage. Z.
Zellforach. 80:436-457.

20, Roberts, D.V., and S. Thesleff. 1969. Acetycholine
release from motor-nerve endings in rata treated
with neoatigmine. Eur. J. Pharm. 6:281-2835.

21. Salpeter, M.M., H. Kasprzak, H. Feng and H. Fertuck.
1979. End-platea after eateraae inactivation in
vive: correlation between eaterase concentration,
functional response and fine structure. J. Neuro-
cytol. 8:95-115.

21




N
A

N
Al

37.

38.

40.

41.

Salpetar, M.M., J.P. Leonard and H. Kasgpr=zak. 1982.
Agonist-induced postsaynaptic myopathy. Neurosci.
Commentaries. 1:173-83.

A.N., Filbert, M. and Hester, -R. 196S. A

fic radioisotopic assay for acetylcholines-

;2 and pseudocrhol:i:nesterase 1n brain and plasma.
hem, Med, 321l-12,

Smith, A.F., H.J. van der Wiel and O,L. Wolthiuse, O.L.
14as1

1981, Analyei12 of owime-induced neuromuscular
raecovery in dJuinea pig, rat and man following soman
peisoninl tn vitre,  Ear, J. Pharm, 70:3271-379,

Taylor, P. Anticholinesterase Agents. 1980. 1In: The
Pnarmacclogigal Bazis of Therapuetics, 6th edition,
eds, L.Z%. Goodman and A. Gilman. MacMillan
rublizhing Co. Inc., N.Y.

Tiedt, T.N., E.X. Albuquerque, C.S. Hudson, and J.E.
Rash. 1978. Neostigmine-induced alterations at the
mammalian neuromuscular junction. I. Muscle
contraction and electrophysiology. J. Pharmacol.
Exp. Ther. 205:326-339.

Venable, J.H. and R.A. Coggeshall. 1965. A simplified
lead citrated stain for use in electron microscopy.
J. Cell Biol. 25:407-408.

ward, M.D., M.S. Forbes and T.R. Johns. 197S.
Neostigmine methylsulfate. Does it have a chronic

effect as well as a transient one? Arch. Neurol.
32:808-814,

Wecker, L. and W-D. Dettbarn. 1976. Paraoxon induced
myopathy: muscle apecificity and acetylcholine
involvement. Exp. Neurol. 51:281-291.

Wecker, L., T. Kiauta and W-D. Dettbarn. 1979.
Relationahip between acetylcholinesterase inhibition
and the development of a myopathy. J. Pharmacol.
Exp. Ther. 206:97-104,

wolthius, 0., R.A.P. Vanwersch, and H.J. van der Wiel.
1981. The efficacy of some bia-pyridinium oximes as
antidotes to soman in isolated musasclea of several
apeciea including man. Eur. J. Pharm. 70:355-369.

22




FIGURE LEGENDS

Graph

Graph

1. Acute docse responases of whole blood ChE depresszion
¢% inhibition) induced by =single subcutaneous injectionsa
ot pyridostigmine bromide ranging from O,0036 mgsikg
2,001 LDS0Y to 2.8 mg/kg <L LDSO). . The percent
A=presz2ion waz determined by calculating the 140 gotr-
vity in the pre-injection and post-injection (30 min)
whle bplood zamples from each animal. The mean pre-
and post-injection activity was determined £or =ach
axiperimental group and thaas values were uaed to cal-
culate the percent ChE depression which waa plotted
agsinat dose on a gemi-log acale, Minimum n = 3-4
animalse per dose.

2. Cholineaterase depresaion (% inhibition) resulting
from continuous subcutaneous infuasion of pyridoatigmine
bromide via 2 ml osmotic minipump. The percent
depression was determined gs for acute doae reaponse
ztudiea. The !4C activity was determined for blood
eamples from each animal prior to and at intervalas
following the implant of a drug-containing ogmotic
miripump. The mean pre-expoaure values were compared to
m=an post-expoasure values to determine the percent ChE
depraession in each sxperim&ntal group at each time
point. Inhibiticon 158 shown for a high dose (aclid line)

of 10 mg/ml (total exposure at day 14 = 20 mg) and a low
dose (dotted line) of 1.5 mg/ml (total expoaure at day
14 = 3 mg). Minimum n = 4 animaia per data point.
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22 1 oand 2. ELL NMI2 Yrom acute (1) and subacute (2)
Z;n{rol anirals treated with Maztinon -aequivalant
Dutfer, The relationshgip of the nerve terminal (n)
Srnwann 22l . 2 and postaynaptic juncftional folds (3)
d by exposure to the buffer. The nervea
a y appozed the the junctional folds and
zaparated by tne typlcal SO nmopraimary cleft which
= ne thee Ba=s]l lamina, Note that the overlying
Ionwann el prodessas 4o not =ntery the primary ocleft.,
SoeTiynaprtloall the juncticasl folds and aarcomeras
v d o of ailteration.
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+ 3. A diraphragm NMJ from an animal expozsed to 0.36 mag/
kg pyridostigmine for 30 min. reveals a partially with-
drawn nerve terminal (asterisk) which possesses densely
gacked synaptic vesicles. Schwann cell processes are
nresent 1n the =ynaptic cleft. Postaynaptac
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An EDL NMJ exposed to 0.36 mg/kg pyridosatigmine
itered pre- and postsynaptic mitochondria. Some
yaaptic mitochondria contain densely packed layers

¥ membrane (arrows). Other features of thia NMJ appear
unaffected by the drug exposure.
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Figures & and 7. Diaphragm NMJs from two animals that
received subacute exposure of drug via osmotic
minipump reflect the variablllity of damage that can be
observed, Pre- and poataynaptic mitochondria show
aigna of damage i1n both NMJ=. However, while the
sarcomeres 1n Fig. 6 have retained a normal pattern of
nrganizTation, those in Fig. 7 have smeared 2 bands
tarrows) and diasarrayed myofibrils.
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e and 9. Soleus (8) and EDL (3) NMJs which received
a total subacute exposure of 2.8 mg of pyridostigmine (2
day? have moderate presynaptic damage. Note the
regions of partial withdrawal of nerve terminal from the
sunctional fold crests (asteriskse). In some of theae
aress Schwann oell procesaes are present in the aynaptic
cleft, Cnly the EDL NMJ (9) reflects drug-induced
damage to the myafibriliar structure (arrowsa).
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2 10 and 1l1. These diaphragm NMJs are from rata exposed
to a singe injection of 1 mg/kg of pyridostigmine. The

NMY in Fig. 19 was taken 30 minutes postinjection while

rha NMJ in Fig. 11 waa taken 60 days poatinjection. The
20 minute exposure has i1nduced regional separation of

s nerve terminal from the junctional fold creats
‘azterisk) and large rarefied areas in the subjunctional
ritochondria., Irr addition, some 2 bands and myofibrils
Rave lost the precigse organlzation normally present. 60
Jays following exposure, mitochondrial and sarcomere
damage are no longer present. However, regional
zeparation (*) of pre- and poataynaptic elemente by
Zonwann oeill f2) intervention in the claeft 12 common in

L
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NMJs from soleus muscles expoged to 1
les were collected at 30 minutes (12)

( poatinjection. The nerve terminal
arked a:ang of alteration. However, a small
¥ Schwann cell 18 present in the synaptic cleft

With this short period of exposure, the

ptic mitochondria (m) are obvicusly affected. A
ea <ontaining multi-layered membrane fragments
=t . Even after a recoveryk period of 60 days,
er=zists in the second NMJI, Some preaynaptic
sr:2l damage 12 evident. Posteynaptically,
=.i.ar bodie= tarrowa) persziat.




39

R



These two EDL NMJs 1llustrate the
the extent of damage in different muscle
23 minutes after a single 1njection of 1 mg/kg of

gtigmine, The NMJI 1n Fig. 14 podsasesses moderate

tions 1n presynapt:c mitochondria and has apparent
al bod:ies present posteynaptically. The NMJ 1in

1% reflects consitdersblie ongolng changes 1n
tructure., Portione of nerve terminal are

ndsd by Schwann oell in the right hand area of
crograph reflecting probable partial denervation

---- s EEs, Posteynaptically, the mitochondria are

noand the myofioriilar componentg lack typical

4o
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es 1% and 17. Diaphragm NMJs exposed by osmotic
minipump to 20 mg of pyridostigmine over a 14 day period
1liustrate the potential of repair processess.The NMJ in
Fra. it reflects damage present at 14" days exposure.
The nerve terminal shows large regiona Of aeparation

it

zynaptic folds (+) with concomitant Schwann
intervention i1n the synaptic cleft,
apt:zally, the sarcomeres are much shorter than
sth sarcomeres from nonjunctional areas (not
5f the same muecle fiber. The NMJ i1n Fig. 17
i the zane drug ewposure but remained drug-free
cditional 60 days. No obvious 2igns of damage
n
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1€ and 13, NMIs from two soleus fibers which
rezelvad a 14 day subacute exposure of 20 mg of
ovr_odoztigmine reflect considerable presynaptic damage.
The nerve terminal branches in Fig. 18 are widely

sted trom the Junctional fold creste in several

p s L), In Fig. 19 pre- and pogstsynaptlic deparation
13 due to the sresence of 5Schwann cell processes i1n the
ayractio izt Note the irregular marging of the
pusteyanap leus.
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es 22 and 21, These EDL NMJIs reflect the effects of a
14 day exposure to 20 mg of pyridostigmine via osmotic
minlipump. On the l4th day, the NMJ in Fig. 20 possesges
moderately altered pre- and postaynaptic mitochondria.
Ore raejgiron of nerve terminal 1= notably separated (»)
trom the bpostaynaptic folds, Following 60 days of
recovery fram the drug exposure, the NMJ in Fig. 21
prz22azes norpholodgy s2i1milar 2o that seen i1n control
NM s, However, the nucleus has an extremely irregular
marqgin and 13 asaociated with an abnormal number of

oo lg¢ -
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