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19. Abstract (continued)

cholinesterase (ChE) depression of 60-70% exhibited alterations in all three
muscle fiber types. These lesions appeared similar in severity, indicating
that pyridostigmine does not selectively affect one muscle fiber type at
this level of ChE depression. (2) The alterations appeared similar in
nature and extent following drug exposure by single injection and by osmotic
minipump. Thus at 60-70% ChE depression, the method of drug administration
did not affect the severity of the pathology. (3) At least some NMJs of all
three muscles underwent a period of partial denervation following acute (ChE
depression approx. 90%) or subacute (ChE depression approx. 70%)
pyridostigmine exposure. However, recovery was in process and sometimes
complete 60 days following drug exposure, indicating that pyridostigmine-
induced alterations are reversible.
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SUMMARY

The quarternary carbamate, pyridostigmine bromide, has
been suggested for use in prophylaxis against intoxication
*ith irreversible cholinesterase inhibitors. Since virtually

no anatomical data were available concerning the neuro-
muscular toxicity of the drug, a study was undertaken to
evaluate the effects of acute and subacuteodoses of pyrido-
stigmine on the ultrastructure of rat diaphragm neuromuscular
junctions (NMJs) and muscle fibers. The results of these
Investigations were reported in the annual report for Year 1
,April 1, 198' - March 31; 1984) of contract DAMD-17-83-C-
312ri. The data suggested a dose-dependent effect of
pyrio,,stigmine which resulted in both pre- and postaynaptic
aiterationz of the diaphragm NMJs. During Year 2 of the

contract, the investigations have been expanded to include
analy3es of the effects of different modes of pyridostlgmine
administration on three muscles (diaphragm, extensor
dijitorum lngus and soleua). In addition, physiological
recovery processes, as reflected by morphological changes,
nave Deen asseased during extended perioda following drug
expo:sure. The results of these studies are summarized below
;nc Oetailed In the Metnods, ilt.s, ;nd Discussion saetions
of this report.

Neuromuscular junctions from diaphragm, soleus and

extensor digitorum longus (EDL) muscles of male albino rats
were eed for morphological alterations following acute
(30 Minute) and subacute (2-14 day) exposure to pyrido-
atigmine and during postexposure recovery periods of up to 60
days. The experiments were designed to provide data
necessary to accomplish three goals which were: (Goal 1) to
compare the effects of drug administration by single injec-
tion and by osmotic minipump (continuous infusion), (Goal 2)
to determine if pyridostigmine selectively affects fast or
slow twitch muscle fibers, and (Goal 3) to monitor and
evaluate morphological changes during long-term recovery.

To complete Goals 1 and 2, the diaphragm, soleus and EDL

muscles were selected to compare the effects of the method of
drug administration (injection versus infusion) on muscles of
different fiber type composition. The diaphragm has
approximatley equal numbers of type I and type II fibers
while the soleus and EDL possess primarily type I and type II
fibers respectively. Pyridostigmine was administered to each
acute exposure animal by a single subcutaneous injection of
0.36 mg/kg pyridostigmine and to each subacute exposure
animal by a subcutaneously implanted osmotic minipump
containing 10 mg/ml pyridostigmine. Both treatments resulted
in a whole blood cholinesterase (ChE) depression of
approximately 60-70% as determined by radiometric assay.
Control animals reaF.ved only Meatinon -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 inividual NMJA. Tne r,.t ientiy s
presynaptic alterations were mitochondrial damage and partial
withdrawal of nerve terminal branches (partial denervation).
;o!Rtsynaptic changes included occasional rarefaction of

mitochondrial matrices and disruption of the myofibrillar
organization in small numbers of sub3unctional sarcomeres.
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 populations.
At this dose level, the severity of the damage varied from
fiber-to-fiber in an apparently random manner and did not
appear to be related to a specific fiber type or dosage
regimen.

To accomplish Goal 3, long term recovery processess were
evaluated following exposure to 1.0 mg/kg pyridostigmine by
single in3ectlon and following 14 days of exposure to
pyrldosticImine by osmotic minipump (total dos 20 mg
pyridoatigmine). Recovery was analyzed at 7, 14, 21, 35 and
O days following withdrawal from drug. Whole blood
cholineterase activity levels were monitored by radiometric
assay before, during and periodically following drug
exposure. Following a 30 minute exposure to 1.0 mg/kg, ChE
levels were depressed to approximately 90% of preinjection
values. Animals 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
initially exceeded pre-exposure ChE levels and then fluctated
at least through day 35 of recovery.

At the dose levels studied, NMJs of all three muscles
initially underwent the typical pre- and postaynaptic
alterations described above. As previously reported, signs
of partial denervation increased during the 35 day period
following pyridostigmine exposure by single in3ection or
minipump. However, indications of terminal sprouting were
also apparent by day 21 of the recovery period. Although
some pre- and postsynaptic morphological irregularities
persisted at day 60 of recovery, the general trend appeared
to be toward recovery of pre-exposure morphology in all three
muscles. At present, it appears that the soleus may undergo
a longer recovery period than the diaphragm and EDL.
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FOREWORD

Citations of commercial organizations and trade names in this
report do not constitute an official Department of the Army
endorsement or approval of the products or services of these
organizations.

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 Cou:-cil (DHEW Publication No. (NIH)
78-23, Revised 1978).

4



TABLE OF CONTENTS

Summary ...................................................... 2
Foreword ..................................................... 4
Table of Contents ........................................... 5
Statement of Problem ........................................ 6

Background .................................................. 8
Materials and Methods ....................................... 9

Results ....................................................Ii

Discussion ... .................... ............................. 16

Recommendations ............................................ 18

Literature Cited ........................................... 19

5 -ml m ni lll[m||



STATEMENT OF PROBLEM

Pyridostigmine bromide, a reversible anticholinesterase

drug, has been suggested for use in prophylaxis against
intoxication with irreversible cholinesterase inhibitors.
Recent investigations have indicated that in vivo Epoiure to
the drug results in morphological alterations to the NMJs of
tne rat diaphragm muscle (Hudson and Foster,,1964; Hudson, et
al.. 1985). In these studies, acute doses of pyridostigmine
bromide in MeatinonR -equivalent buffer were administered by
single suocutaneous in3ection in doses that ranged from
0.0036 to 3.6 mg/kg (0,001 - 1.0 LD50). Tissues were
analyzed in the acute experiments 10 - 30 minutes and 2 and 7
days postinjection. Subacute exposures were administered by

subcutaneously implanted osmotic minipumps that contained
either 3.0 or 20 mg pyridostigmine in Mestinon -equivalent
buffer. Tissues were analyzed after subacute exposures of
3, 7 or 14 days and with post-exposurre recovery times of 7,

14 cr 23 days. In select anima.s, whole blood cholineaterase
activity was measured by radiomaetric assay. The morpho-

logical effects of the drug were localized predominantly at
the neuromuscular 3unction with both pre-and postynaptic

regions involved. 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
LD50), both pre- and postsynaptic elements became involved.

The subacutre doses examined also created dose dependent
lesions in the diaphragm. At 14 days, the 20 mg dose group
exhibited pre- and postsynaptic alterations which were more
extensive than those seen in the 3 mg group although no
subacute dose created damage equivalent to that seen 30
minutes after a single LD50 dose. Presynaptic alterations
included withdrawal of the terminal from the junctional
folds, invasion of the synaptic cleft with Schwann cell

processes, and disruption of axon terminal organelles.
postsynaptic 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 v.ried. The evidence suggested that subacute
exposure had the greatest effect within the first 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



areas and the replacement or repair of subcellular elements.
In summary, data collected in Year I indicated a dose-
dependent effect of pyrldostigmine on muscle ultraatructure
with evidence of subsequent recovery.

While the data gathered during Year 1 added signifi-

cantly to the knowledge concerning the ultrastuctural effects
of pyridostigmine, the findings also prompted a number of
additional questions. In answer to some of these, t4PR
e periments conducted in Year 2 were designed to accomplish
the following:

a. to sub3ectively establish if pyridostigmine

exposure by single in3ection induced more severe or extensive
damage than exposure by osmotic minipump when both methods
resulted in 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 soleus NMJs to
determine if the three muscles recover in a similar manner
and time frame.

7



BACKGROUND

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

Numerous reports have established that the irreversible
cholinesterase inhibitors produce myopathies and/or
neuropathies and are responsible for abnormal physiology at
tne mammalian neruomuscular junction (Preuaser, 1967; Ariens,
et al., 1969; Fenichel, et al., 1972, 1074; Laskowaki, et
al., 1975; Wecker and Dettbarn, 1976; Wecker, et al., 1979;1
Salpeter, et al., 1979, 1982). Until recently, the

quarternary carbamate neoatigmine was the only carbamate

anticholinesterase drug employed in anatomical studies to
evaluate the potential toxicity of this class of drugs via-a-
vis neuromuscular pathology (Engel, et al.. 1973; Engel and
Santa, 1973; Ward, at al., 1975; Hudson, etal., 1978). The
paucity of anatomical data available concerning pyrido-
stigmine-induced neuromuscular alterations prompted our
recent ultrastructural study which assessed presynaptic
damage resulting from pyridostigmine exposures (Hudson, et
al., 1985). The data revealed that acute or subacute
administration of pyridostigmine resulted in withdrawal of
localized portions of the nerve terminal from the junctional
folds, invasion of the synaptic cleft by Schwann cell
processes and disruption of nerve terminal organelles
(Hudson, et al., 1985). Postaynaptic changes included
disruption of myofibrillar organization and damage to
membrane-bound organelles (Hudson, unpublished data). The
severity of both pre- and postaynaptic alterations was
dose dependent.

These results indicated the necessity to extend the

investigations to establish additional information concerning
the ultrastructural effects of pyridoatigmine. Thus,
experiments were designed to determine if drug administration
by single injection induced similar or more severe NMJ
pathology than drug administration by continuous infusion
(osmotic minipump) when comparable ChE depressions were
maintained. Secondly, the NMJ alterations were compared in
the diaphragm, EDL and soleus to establish if pyridostigmine

a



selectively affects one fiber type more severely than
another. Finally, NMJs of all three muscles were monitored to
confirm Year 1 data that indicated recovery processes
occurred following pyridostigmine exposure.

MATERIALS AND METHODS

Male albino rats (Edgewood or Charles River strains)
weighing 180 to 250 gms received subcutaneous, acute and
5ubuaute exposures to pyridostigmine bromide. All acute

exposures were by single syringe injections under the skin
oi the midback region and all subacute ex osures (maximum

14 days) were via osmotic minipump (Alzet 2ML2 minipump;
ALZA Corp., Palo Alto. Ca.) implanted under the skin of
the midback. Pyridostigmine bromide was administered in a
MestlnoR -equivalent diluent composed of 1.30 mg/ml citric
acid monohydrate, 4.10 mg/mi sodium citrate dihydrate, 0.50
mg/ml methyl paraben, 0.05 mg/ml propyl paraben and 7.40 mg/
ml sodium chloride in sterile water at pH 5.1.

Acute Drug Ep9oure. 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 in the acute control group received a single injec-

Rtion of the Mestinon -equivalent diluent. A minimum of 3
experime-ntal and 2 control animals were prepared for each
dose level analyzed. These animals were sacrificed under
deep barbiturate anesthesia by transcardiac vascular per-
fusion 10 - 30 minutes, and 2, 7, 21, 35, 60, and 90 days
postinjection. These time periods allowed evaluation of
acute drug effects as well as short and long term recovery
processes.

Subacute Drug Exgpsure. Subacutely treated animals
had 2 ml osmotic minipumps implanted subcutaneously to
provide continuous infusion of pyridostigmine. Use of
osmotic minipumps allowed continuous release of the drug in
order to maintain both tissue-ChE and tissue-drug levels as
constant as possible.

Subacute doses were studied using minipumps loaded with

10.0 mg/ml pyridotigmine bromide in the Mestinon -equivalent
buffer. Control animals were implanted with minipumps
containing the MeatinonR-equivalent buffer. The morpho-
logical effects of chronic infusion of pyridoatigmine were

evaluated after periods of 2, 7 and 14 days exposure. The
processes of recovery from subacute pyridostigmine exposure
were assessed 7, 14, 21, 35, and 60 days after a 14 day
exposure by minipump. A minimum of 3 experimental and 2
control animals were prepared and anal zed for each dose at
each exposure period. Since the Alzet" pumps utilized in
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this study released their contents at approximately 5.9ul/hr,
the exper nimental animals were exposed to an approximate total
,Lf 2.8, 10 and 20 mg of drug on 2, 7 and 14 days, respec-
tively. Blood ChE levels of each drug-treated and control
animal were analyzed (Siakotos et al., 1969 see below)
periodically (at least twice) during the course of the

Pre2Sr tion for Electron MirK All a imals were
nrepared by whole body perfusion through the left ventricle

ingq an initial perfueate of KCL, 5.0: MgCL 2 , 1.0: CaCl 2,.aHCO a  15.0: and Na2HP03 , 1.0) containinq 10 unita/ml

i reparin followed by the fixation perfusate containing 2.5%
itaraldehyde in O.1M sodium cacodylate buffer (pH 7.4). The

-rl-usates were maintsimed at room temperature. The
japhragm and both soleus and EDL muscles of each animal were

immed:!iately removed and fixed for an additional hour in cold
2.% 5glutaraldehyde. NMJs were identified by staining for

(hE in a solution of 5 mg acetylthiocholine iodide, 6.5 ml
,. ~ M sodium cacodylate buffer (pH 7.4) with 0.2 M sucrone,

2.5 ml 0.1 M sodium citrate, 1.0 ml 30 mM copper sulfate
and 1.0 ml ddH 2 0 (modified from Karnovsky and Roots, 1964).

Endplate regions and tissue remote from the endplates were
removed by careful dissection, postfixed in 1% 0s0 4 , stained
en bloc in aqueous uranly acetate or 2% uranyl acetate in 70%
ethyl alcohol embedded in an Epon-Araldite mixture (10' Poly-
bed 812, 20*s Araldite 70°C for 24 hours. Ultrathin sections
Aere c'_t with a diamond Knife u5ing an LKB III or IV ultra-
microtome, poststained with lead citrate (Venable and
Coggeshall, 1965) and aqueous or methanolic uranyl acetate

and examined with a JEOL 100 CX electron microscope.

Cholinesterase Assay. The radiometric method of
3iakotoe at al. (1969) using C-acetylcholine as the ChE

substrate was utilized throughout. The relative ChE depres-
sion in whole blood (i.e.. percent carbamylation of the
enzyme) produced by acute or subacute exposure to pyridostig-
mine was determined. Blood (100 ul) was drawn from the tail

into heparinized capillary tubes and processed for an imme-
diate assay or frozen in liquid nitrogen for subsequent
assay. In order to test for the efiect Of rea ng whole
blook on the assay results, the 100 ul blood was divided into
two 50 1 aliquots, one used for immediate assay and the
other frozen for later assay. Freezing prior to assay re-
sulted in a variation of approximately 5X of the ChE
depression established by immediate assay. This was within
an acceptable range for the purpose of the present study.

The enzyme assay was performed in the following manner.

Up to 100 ul usually 5 - 50 ul) of blood sample was added to
100 ul O.IM sodium phosphate (pH 7.4), 10 ul MgCI2. and 100 ul
14 C-acetylcholine. The solution was mixed immediately and
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incubated for 5 minutes at 37 'C (with shaking). The reac-
tion waa stopped by adding sufficient repin-dioxanne mixture
(20g Amberlite CG - 120 x 8 and 100 ml dioxane) to increase
the total volume to 5 ml. The enzymeresin-dioxane volume was
then brought to 10 ml with dioxane, mixed by inversion (3
times) and centrifuged at 900g for 3 minutes. Then 1.0 ml of
supernatant was combined with lOml of cocktail and the radio-
activity assayed in a Beckman LS-7800 liquid scintillation
counter. A reagent blank was run simultaneously using water

in place of sample.

Since it was not practical to gather the ChE values for

all of the acutely-treated animale, a parallel study (using
- group of rats not utilized in the morphological study) was

employed to establish some of the data for a dose-response
curve of enzyme carbamylation at the time point of 30 minutes
m-at-iniection (single subcutaneous). Animals in the re-

:overy studies were assessed for whole blood ChE levels
periodically throughout the 90 day period following exposure
,y single injection. A minimum of three drug-treated and one

control animal was used for the determination of total whole
blood ChE depression at each dose.

For the animals which were in the subacute exposure
groups, ChE levels were assayed before and periodically after
the implantation of the osmotic minipump. The assay was
performed on these animals (a) to confirm that each minipump
was releasing the drug, (b) to establish the general dose/ChE
depression relationship for each dose and each animal and (c)
to determine the recovery of ChE levels during the 90 day
period following exposure by single injection.

RESULTS

General Observation. Animals in the acute and subacute
treatment groups were monitored for behavioral signs of
pyridostigmine intoxication periodically during the period

of drug exposure. Animals in the acute exposure groups
received single subcutaneous injections ranging in dose

from 0.36 to 1.0 mg/kg pyridostigmine. Control animals
received single injections of diluent. Animals were
assessed for outward behavior responses 30 minutes following
injection. The behavior of animals in the recovery studies
were also regularly evaluated throughout the postexposure
period. No obvious signs of anticholinesterase intoxication
were detected in any of the animals in this acute exposure
study.

Similarly, animals implanted with osmotic pumps contain-

ing 20 ag (10 mg/ml) of pyridostigmine of diluent exhibited
no detectable behavioral signs of pyridostigmine intoxication

11



over the 14 day period of exposure or during subsequent re-
covery periods of up t(:, 90 days with the exception of four
animals. These 4 of 50 rats exhibited increased ocular sec-
retions (chromodacryorrhea) within the initial few hours of
pyridostigmine exposure but displayed no other typical signs
of anticholinesterase intoxication. The chromodacryorrhea
cleared within the first 24 hours of exposute and did no
reappear. These animals as well as the rest of the experi-
mental animals remained symptom-free for the duration of the
experiment.

W-ole Blood Assays. Whole blood ChE levels were determined
by rediometric assay immediately prior to drug exposure for

both short term and recovery groups. To determine the acute
drug effects, pretreatment ChE values were compared to the
ChE activity 36 minutes postinjection (Graph-l). Control
animals (n=7) maintained an average ChE activity of 98.1% (SD
- 9.3). In comparison, control animals for the subacute
exposure group (n=18), had an average ChE activity o i .
(SD - 8.6) when assayed two days following implanting of
minipumps. The effect of pyridostigmine administered by
osmotic miLnipump was reflected in significantly decreased ChE
activities in experimental animals (Graph 2). For the
purpose of comparing short term effects of pyridostigmine
administered by injection versus minipump, it is important
to note that drug treatment resulted in an average ChE acti-
vity of 30.3% (SD 5.4, n=4) for the acute group and 36.5%
(SD - 6.2, n=4) for the subacute group. Since the acute and
aubacute exposures used in this portion oi study reaultea inn
comparable reductions in ChE activity (60-70%), a comparison
of the morphological alterations associated with the two
types of drug administration was made.

Morphological recovery of the NMJs of diaphragm, EDL and
soleus following a single injection of 1.0 mg/kg or 14 day
minipump exposure is being assessed. Whole blood ChE levels
have been monitored at in-tervals through 60 days (90 day
studies are in progress), following withdrawal from
pytidostigmine. While detailed analysis is not yet complete,
the minipumps depress whole blood ChE levels approximately
70% (Graph 2), through the 14 day period of exposure.
Following the 14 day exposure per-iod, the ChE levels were
frequently elevated above initial pre-exposure values for up
to 35 days post-exposure (ChE levels of animals in longer
recovery groups is currently being assayed).

Ultrastructural Observations. NMJ structure was similar for
control preparations whether the animals were subcutaneously
treated with MestinonR-equivalent diluent via single
injection (Fig. 1) or by osmotic minipump (Fig. 2).
Similarly, no observable difference was present between the
general morphology of NMJs from acute and subacute control

12



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). In
a~lition, 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. In 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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processes frequently occupied the entire area normally
occupied by the nerve terminal. Such images were present in
ail muscle types examined. In other cases, the nerve
terminal remained but was separated from postsynaptic
components by intervening Schwann cell processes (Fig. 9).

Postsynaptic alterations were also similar to those
resulting from acute exposure to pyridostigmine. Character-
istic swelling or rarefaction of mitochondrial matrix was
often observed (Fig.6 and 7), but was extremely variable.

Note that in other NMJs, mitochondria appeared unaltered
(Fig. ) or reflected differences in the matrix density
tFig.9, compare mitochondria I and 2). In some sub3unc-
tional regiona grossly altered mitochondria contained
multi-layered membrane structures (Fig. 6. arrowhead; Fig.
7,. While these differences have been illustrated in

different NMJs from different muscles, the same type of
variability was present within each muscle. Changes in
sarcomere organization was also variable. Note the total
loss of myofibrillar organization in some NMJs (Fig. 7)
while more subtle changes were present in the z lines
and myosin and actin filament organization in other NMJs
(Fig. 9). Compare Figures 6 and 7 which emphasize the
variability of damage observed in diaphragm NMJs. In these
micrographs, the NMJs are from different animals, but similar
variability was observed within a single muscle and was also
present in the NMJs of soleus and EDL.

Recovery Following Pyridostigmine Ex2osure 9Y jp ection
and Mini2unp. A 30 minute exposure of diaphragm (Fig. 10),
soleus (Fig. 12) and EDL (Fig. 14 and 15) NMJs to 1.0 mg/kg
of pyridostigmine resulted in ultrastructural changes very
similar in nature to those observed after a 30 minute

exposure to 0.36 mg/kg of drug. The only significant
difference was a consistant tendency toward increased
severity of the pathology. The most notable presynaptic
alterations were evidenced as occasional aberrant
mitochondria (Fig. 14,15), partial withdrawal of nerve
terminal areas from postaynaptic 3unctional folds (Fig.
10,15) or separation of the pre- and postaynaptic components
by intervention of Schwann cell processes (Fig. 12,15).
Postaynaptic alterations were also similar to those observed
at lower doses. Mitochondria frequently possessed rarefied

or swollen regions (Figs. l0, 12, 15) and the myofibrillar
organization of the sarcomeres was sometimes disrupted (Figs.
10, 15). While these various alterations appear differently
in some of the micrographa of the three different muscles, it
is important to note that considerable variation occurred.
This variation is emphasized in Figs. 14 and 15 which reflect
the difference in the extent of damage within the EDL. The
damage to the NMJ in Fig. 14 a pears modest in comparison to
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the partial dererVation, 
s we.l as, mitochondrial and

th brial involvement apparent n Fig. 15. Similar

jaexi d in the degrnt o dam evidenced from One

J to the next in the diaphragm and soleus

SimillrlY, a 14 day exposure of pyridost]gmine via o5mot-C

m inarumP atotal expoue 20 mg) refected the same 
type of

a(terations i.g5" 16. 20) oered with shorter drug

exposure. However, partial denervaton w , more extensive in

te NJ all ee muscles and potyn mtochondr

Involvement was muh less pronounced (Figs. 16, 
s,0)

Recovery was obscrved in all three muscles follo'l ng

both dosage reqilmens Figs. i r, e7, 19, 21) The

reaults of the acute studies are illustr' e in the dmu PhYcle
e.Fig . l0 and 'oi' (Fig. 13) and in 9ll three muscles

.Siiow (ubFiute -P-u7e Fig 7. 19. 20). While

mOet mitoch~odrial involvement sometihes persisted

.thiS type of damage was not commonly 
observed

(Fi9*
1,0  7, ,19, 21). The most consistantly observed

(lterati Iema ng after 60 days Of recovery from acute an

subacute pyridostigmine exposure 
was Schwann cell

intervention between the nerve terminal and junctional fold

,restS Fig. 11, 19). In addition, postsynaptic nuclei 0 ften

posesed Fvery irregular margins and were frequentlY

.ssociated with 
numerous Golgi.
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DISCUSSION

Acute and subacute doses of pyridostigmine bromide which
caused whole blood ChE depression of 60-qn%, resultod in
pre-and postsynaptic morphological alterations to every
diaphragm, soleus and EDL NMJ analyzed. Presynaptic damage
included swollen mitochondria and partial wrthdrawal of nerve

terminal branches. These two alterations were sometimes
observed 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
3unctional 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
a continuing basis in the normal process of synaptic turnover
(Cotman, et a!., 1981). In the case of pyridostigmine
treated 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 disruption 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., 1985).
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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 morphological alterations to diaphragm,
soleus and EDL NMJs which are variable within each muscle

analyzed. The diaphragm appeared to reflect greater pre- and
postsynaptic alterations in at least some NMJs. However, the

differences were not consistent enough or significant to
allow a subiective determination that the diaphragm is more

sensitive to pyridostigmine exposure. Quantitation of the
aiterations would be necessary to positively determine if

significant 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 exposure, 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 X, no discernable

difference in the severity of NMJ damage is apparent
between pyridostigmine exposure by single injection or

osmotic minipump.

2. Ultrastructural alterations to NMJs of diaphragm,

soleus and EDL were similar in extent and nature following
short term exposure to pyridostigmine. Thus, at a ChE

depression of 60 - 70 %, pyridostigmine exposure does 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

of recovery from acute and subacute exposure to pyrido-
stigmine following 60 day drug-free period. Current data
indicate that the soleus may require a more'extensive
recovery period than the diaphragm and EDL.

RECOMMENDATIONS

Pyridostigmine-induced alterations occur at the NMJs

of three muscle types studied, and thus established the toxic
effects of the drug on fast twitch (EDL), slow twitch

tsoieus) and mixed (diaphragm) muscles. However, contract
work completed in Years 1 and 2 has provided strong evidence
thnat the damage which follows pyridostigmine exposure is
reversible in all three muscles. Furthermore, recovery
processes were evidenced even after moderately high drug
exposures which induced whole blood ChE depressions of 70-
90%. Since the potential for recovery from pyridostigmine-
induced damage appears to be substantial, further evaluation
of the drug as a potential prophylactic agent against
intoxication by organophosphate agents is strongly

encouraged. Specifically, the following recommendations have
been formulated.

i. Extended recovery Itudlea (aimilAr to those

described herein) particularly of animals expoaad to
moderately low levels of pyridostigmine (20-30% ChE
depression) for 14-21 days should be performed to determine a
time course for complete recovery. These data would allow
more precise extimates of antilcpated recovery rates in
humans.

2. A series of experiments should be designed to assess

the mechanism of damage at the NMJ. Specifically, the pre-
and postsynaptic movement and accumulation of ions involved
in neuromuscular transmission should be evaluated. A more
thorough understanding 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 effects of pyridostigmine on
exercised animals or on in vitro stimulated muscles. A study
of this nature could reveal functional and/or behavioral
alterations not manifest in rested animals. Such data would
provide a more substantial base for predicting pyridoatigmine

18 Im l



effects on military personnel functioning under conditions of
stress.
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FIGURE LEGENDS

Graph I. Acute dose responses of whole blood ChE depression
(% inhibition) induced by single subcutaneous In3ections
-C pyrdositgnie bromide ranging from 0.003 mg/kg
(0.01i LD5O) to 3.6 mg/kg <I LD50). The percent
i epre in was determined by calculating the 14 C acti-
vity 1n the pre-injection and poat-ln3ection (30 min)
wnole blood samples from each animal. The mean pre-
and post-in-ection activity was determined for each
experimental group and these values were used to cal-
culate the percent ChE depression which was plotted
-gainat dose on a seml-log scale. Minimum n = 3-4
animals per dose.

Graph 2. Cholinesterase depression (% inhibition) resulting
from continuous subcutaneous infusion of pyridostigmine
bromide via 2 ml osmotic minipump. The percent

depression was determined as for acute dose response
etudies. The 14 C activity was determined for blood
samples from each animal prior to and at intervals
following the implant of a drug-containing osmotic
minipump. The mean pre-exposure values were compared to
mean post-exposure values to determine the percent ChE
depression in each experimental group at each time
point. Inhibitiorn i- shown for a high dose (solid line)
of 10 mg/ml (total exposure at day 14 = 20 mg) and a low
dose (dotted line) of 1.5 mg/ml (total exposure at day
14 = 3 mg). Minimum n 4 animais pen data point.
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I I I I I I I I ii i , ,

cr-J : from acute (1) and subacute (2)
-- l- treted with -tinon -equiv.ient

+7-7 o. e -&atlonshqip cf the nerve terminal (n)

and rjot.iynaptic )unctlonal folds (3)
e i iafc- -tie by exposure to the buffer. The nerve

!% -v:-niy Fipprc.ed t.e the iunctional folas and
. ate:' y .ne typical 5 u nm primary cleft which

-. iainina. Note that the overlying
-o enter the primary cleft.

-.£_ - Ci-lY, :he iunctic. "a folds and ercomeres
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-re "A dliaohraqm NMJ from an animal exposed to 0.36 mg/
kg pyrido.tigmtne for 30 min. reveals a partially with-
drawn nerve terminal (asterisk) which possesses densely
a'ked synaptlc vesicles. Schwann cell-processes are
Sreserlt in the cynaptic cleft. Postsynaptic
-- ,cncri.a varrF-ws' have abnormal rarefied regions of

_-_e 4. An exposure of 0.36 mg/kg pyridostigmine has
altered pre- and postaynaptic mitochondria of this
zoleu. NMJ. Ncte particularly the postsynaptic
ito,-.nrcira w hich contain densely packed layers of

memnrane (arrows).
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;.,jre 5. An EDL NMJ exposed to 0.36 mg/kg pyridostigmine
nas aite'red pre- and postsynaptic mitochondria. Some
p.,etsynaptic mitochondria contain densely packed layers
o± membrane (arrows). Other features of this NMJ appear

,jnaffected by the drug exposure.
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ci3ures , and 7. Diaphragm NMJs from two animals that
received subacute exposure of drug via oamoti,

milpump ref lect the variab:ility *o damage that can be
observed. Pre- and postsynaptic mitochondria show
signs of damage in both NMJs. However, while the
sarcomeres in Fig. 6 have retained a normal pattern of

organLzation, those in Fig. 7 have smeared 2 bands
(arrows) and disarrayed myofibrils.
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F~qures 8 *mnc! 3 Soleus (8) a~nd EDL (9) NMJs which received
a~ total subacute exposure of 2.8 mg of pyridostigmine (2
day.Y have moderate preaynaptic damage. Note the

re;:on.s o-f partial withdrawal of nerve terminal from the

lunctional fold: creste (asterisks). in some of these
rS criwarin cell processes are present in the synaptic

cleft. Cnly the EDL NMJ (9 reflects drug-Induced

.Iamage to t'le my,-f ibriliar structure (arrows).
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ure 0 9'nd 11. These diaphraqm NMJs are from rats exposed
--- a sinqe iniection of 1 mg/kg of pyridostigmine. The

N, J -,n F.Lq. IQ was taken 30 minutes poetin3ection while
_NMj in Fuj. 11 was taken 60 days pontun3ection. The

20 mrnute exposure has induced regional separation of
the yo:ve termiral from the junctional fold crests
* sterumk) and 'arge rarefied areas in the subjunctional
Iit C,c h-,nJria. In addition, some 2 bands and myofibrils

iav, ,bost the precise organization normally present. 60
y foilowng exposure, mitochondrial and sarcomere

damage are n,-, longer present. However, regional
ieparation r- of pre- and postsynaptuc elements by

,n',e- . s. intervent:on in the cleft is common in
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=ure "2 *anci 13. NMJs from soleus muscles exposed to 1
mg'/kz. Thoe muscles were collected at 30 minutes (12)

and i ,ays .13) postinjection. The nerve terminal
',,-,w2 n 3 arked riqns of alteration. However, a small

- ol Schwann cell is present in the synaptic cleft
rcw) . With this short period of exposure, the

mst.v'aptic m:tochondria (m) are obviously affected. A
e rea containing multi-layered membrane fragments

- '2 ap.:arent. Even after a recoveryk period of 60 days,
S isi t ir the seond NMJ. Some presynaptic

- r:s3.damafe i o evident. Postsynaptically,
l e'ar bodles ,arrows) persist.
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Fqures 1 ,1ind 15. These two EDL NMJs illustrate the
variation in the extent of damage in different muscle

iier r minutes after a aingie in~ection of 1 mg/kg of
cyr idstigmlnie. The NMJ in Fig. 14 pdssesses moderate
aiterations in presynaptic mitochondria and has apparent
re i:uaI bodies present postsynaptically. The NMJ in

. Ielect2 conaideraDie ongoing changese in
itrastructure. Portions of nerve terminal are
£urroucnded by Schwann cell in the right hand area of
the mlcrooraph reflecting pronable partial denervation
,, . Po~taynatlcaiiy. the mitochondria are

a ilen t!nd t-e miyo{ ifr iii ar components lack typical
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F~ ~ ~~I 71r -d ohraqm NNJs ex<posed by osmotic

i u~to 20 mg of pyridostigmile over a 14 day period

U~t't he potential of repair processess.The NMJ in
l:reflects damage present at 3:4 days exposure.

-zn'2rv-:- terminal :?hows. large regions of separation
f-yr--m fld with concomitant Schwann

i~ nterven~tion in the synaptic cleft.
~y~~~caly.the sarcomeres are much shorter than

r art~~2:ti srcomerea from nonjunctlona1 areas (not
W i th re :a me mrtusaclIe f i be r The NMJ in Fig. 17

CZ~iCC~tL- amte di ug e>xpoaure but remaineo drug-free

cian iad,.tionril 60 days. No obvious signs of damage
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__ - *~ ~r i'-. N~is from two soleus fibers which

,i 14 day subacute exposure of 20 mg of
o-. rze x-eflect cons.iderable pr eynaptic damage.

The nerz, temrn.na branches in Fi.g. 18 are widely
, t ±r.:m the iunctional fold crests in several
.,e -. In Fig. 1: pre- and postsynaptic separation

,2 - tc the presence of Schwann cell processes in the
*y --eit. Note the irregular margins of the

-t nucleus.
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-, and 2. These EDL NMJs reflect the effect.s of a
t4 day exoj-suri to 20 mq of pyridostigmine via osmotic
minipump. On the 14th day, the NMJ in Fig. 20 poaseszes
_,-erate" altered pre- .and postaynaptic mitochondria.

Une re,"or. ,f ,nerve terptinal ip- notably separated
iforal the n,-_ataynaptic folds. Following 60 days of
fec,-c ver. from the drug exposure, the NMJ in Fig. 21
p,_, sae_- m,: rplhoi iy simil ar tc that seen in Control
NMs. However, the nucleus has an extremely irregular
margin and . aassociated wit'i an abnormal number of
C,_- Ig I
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