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A. ZDUZhU..

Studies during the past year have been focused on: a) continuing the
investigation of the organophosphorus compounds (OPs) on the chemosensitive
receptors located at various synapses; b) attempting to discern the active
sites of the receptor-ion channel complexes involved in activation,
desensitization and blockade; c) establishing the concentration gradients
for various noncompetitive antagonists for production of states of activa-
tion, inactivation and blockade of the receptor-channel macromolecule; d)
delineating avenues of testing, in in vivo and i conditions, new
agents which will be proven effective in alleviation of symptomatology and
intoxication produced by OPs; e) recommending an agent or combination of
agents which will be prophylactically and therapeutically effective against
OP intoxication.

B. FORWARD

In conducting the research described in this report, the investigators
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 Council (DHEW) Publication

-No. (NIH) 78-23, Revised 1978).

C.,~

Electronhvsiological technicuesa

Tissue oreparations. solutions and druas, All data were collected at
room temperature (20-220 C) from sartorius, cutaneous pectoris and 10 0 C from
interosseal muscles of the frog, Ranas.ujv1s, or from chronically
denervated (7-14 days) solous muscle of the Wistarrat (180-200 g). The
physiological solution used for the frog muscles had the following
millimolar composition: NaCl, 116; KCl, 2.0; CaCl 2 , 1.8; Na2 HPO4, 1.3; and
NaH2 PO4 , 0.7. The frog Ringer's solution was bubbled with 100% 02 'and had
a pH of 6.9-7.1. The physiological solution for mammalian muscle had the
following millimolar composition: NaCl, 135; KCl, 5.0; MgCl 2 , 1.0; CaCI 2 ,
2.0; NaHCO3 , 15.0; and Na2 HPO4 , 1.0. During experiments this solution was
continuously aerated with 95% 02/5% C02 , and the pH was 7.1-7.2.

Twitch studies. Twitch studies were performed on frog sartorius
muscle with sciatic nerve attached. Direct muscle stimulation was applied
by platinum bipolar electrode, using supramaximal square-wave pulses of 2-3
msec duration. Indirect stimulation was applied via the sciatic nerve by
a separate platinum bipolar electrode, using supramaximal square-wave
pulses of 0.05-0.1 amsc duration. Indirect stimulation volleys were
applied at a frequency of 0.2 Hz. To study direct evoked muscle twitch,
neuromuscular transmission was blocked by alpha-bungarotoxin (a-BGr) (5
pg/ml). In all experiments the sartorius muscle was allowed to equilibrate
under stimulation for 20-30 min before addition of drug. For each drug
concentration, tho duration of exposure was chosen to allow maximal effects
to be observed; the exrosures ranged from 15 to 45 min with maximal effects
usually occurring 10-20 min after the addition of a new drug concentration.



Endolate current analvsis- Frog sartorius muscles with nerve attached
were treated with 400-600 mM glycerol to disrupt excitation-contraction
coupling. The voltage-clamp circuit was similar to that of Takeuchi and
Takeuchi (1) as modified by Kuba at al. (2). The membrane voltage sequence
for endplate current (EPC) experiments consisted of 10-mV conditioning
steps made in both depolarizing and hyperpolarizing directions throughout
the range of +60 to -160 mV. Occasionally, larger steps were used to check
for hysteresis (for details see ref. 3). Each conditioning step was 3 sec
in duration; at the end of each conditioning step, an EPC was alioited by
nerve stimulation. The EPC waveforms were displayed on an oscilloscope and
digitized at 10 kHz by a PDP 11/40 minicomputer (Digital Equipment
Corporation, Maynard, Massachusetts). The rise times and peak amplitudes
were obtained directly from the digitized EPC data. The decay phase (80%-
20%) was fit by a single exponential (linear regression on the logarithms
of the data points) from which the EPC decay time constant (tEpC) was
determined.

Miniature EPC and EPC fluctuation (noise) analysis. For spontaneous
miniature endplate current (MEPC) and EPC fluctuation experiments, the
signals were sampled at the junctional region of surface fibersx of the
cutaneous pectoris muscles, using conventional techniques for recording and
analysis (3-5). Unfiltered signals were recorded on an FM tape recorder
(Racal 4DS, Vienna, Va.) and displayed on a Mingograf 81 chart recorder
(frequency response dc-700 Hz). MEPCs were filtered (1-2500 Hz) by a
bandpass filter (Krohn-Hite 3700, Avon, "a.) and briefly stored in a
digital occilloscope (Gould OS4000, Greenbelt, Md.) before being
transmitted to the PDP 11/40 c omputer for signal averaging and analysis.
The acetylcholine (ACh)-induced noise was displayed as a low-gain dc trace
on the M-.ngograf for mean current measurement and at high-gain on the FM
tape recorder for current fluctuation measurement. The high-gain noise
signal was filtered from 1-800 Hz and digitized at 2 kHz. After records
contaLiing either MEPCs or electrical artifacts were removed, a Fourier
analysis was performed on 512-point samples. Each spectrum is the
difference between the average of about 30 baseline And 30 ACh spectra.
The power density spectrum of the noise was fit to a single Lorentzian
function using a nonlinear regression program. The single-channel lifetime
(tI) was obtained from the half-power frequency (fc) of the Lorentzian
curve (ri - 1/2*fc). The single-channel conductance (y) was calc u l a t e d
using the expression:

S- S(O) /4 A(Vm - Veq)Il,

where ;& is the mean dc current, Vm is the holding potential, Veq - 15 mV
is the equilibrium potential, and S(O) Is the zero-frequency asymptote.

Double-barrel ACh microiontophoresis. The details of this technique
have been described previously (6). Both barrels of a double-barrel
microiontophoreeic pipette were filled with 2 K ACh. One barrel of the
micropipette was used for aicroiontophoresis of a long (30 sec) condition-
ing charge to release ACh, while the other barrel was used to delivar
repetitive (1 Hz) brief (50-100 psec) charges. The position of the double-



barrel micropipette was adjusted so that the 50-psec charges applied to the
ACh pipette, induced a response of <1.0 msec rise time. A single intracel-
lular microelectrode measured the transient membrane depolarizations due to
ACh. The decrease of ACh potential amplitudes delivered at 1 Hz during the
conditioning pulse and the recovery time of the amplitudes after the end of
the conditioning pulse are measures of desensitization.

Isolation of muscle fibers for patch clamping. Interosseal muscles
were dissected from the longest toe of the hind foot of the frog Bana
pn.ions in standard Ringer's solution. The procedure for isolation of
single fibers was reported previously (7). Briefly, the muscles were
incubated in I mg/ul of collagenase (type I, Sigma Chemical Co., St. Louis,
Mo.; 2 hr, 210C) and then in 0.2 mg/ml of protease (type VII, Sigma; 12-20
min) with mild agitation. Fibers were stored in bovine serum albumin (0.3-
0.5 mg/mi) and used within 24 hr. Tetrodotoxin (300 nM; Sigma Chemical
Co., St. Louis, Ho.) was added to all solutions used in patch clamp studies
to prevent contraction of the muscle fibers.

Patch clamp recording technioue. Hicroelectrodes of borosilicate
capillary glass were pulled in two, stages and heat polished to yield
miczopipettes with resistance of 8-12 MO. ACh and/or test drugs wore
diluted in HEPES-buffered solution and filtered through a Millipore filter
before filling the micropipette. The recording bath was filled with HEPES-
buffered solution and maintainecA at 10 0 C. Gigaa seals between the nonjunc-
tional surface of the fiber membrane and the microelectrode were formed
using standard technique (8). Patch clamp currents from cell-attached
patches were monitored using an LM-EPC-7 instrument (4ist Electronic,
Darmstadt; West Germany). The signal was filtered with a Bessel filter at
3 kHz and recorded on FM magnetic tape for later analysis.

For computer analysis, the signal was filtered at 3 kHz with's fourth
order Bessel filter (low pass) and digitized at 0.08-mesec intervals.
Analysis was done by PDP 11/24 and PDP 11/40 computers (Digital Equipment
Corp.) using a maximum zero-crossing algorithm to establish baselines and
channel amplitudes (9). A channel opening was counted when the current was
greater thin 50% of the estimated average channel current. After an
opening, the channel was considered to be closed when the currant decreased
to less than 50% of the mean channel current. Open events which occurred
without interruption were analyzed for channel lifetime. When closures of
less than 8 m=ec occurred between openings, the openings were considered to
be part of a burst. The channel lifetime (r) value was estimated using
unweighted least-squares fitting of a single exponential function to the
open time histograms. The histograms for closures less than 8 msec were
fitted well by single exponential decays.

Tissugoe Rreparation for light microscoIv. After experimental
treatments, the rats were anesthetized with ether and soleus muscles from
the left limb were removed. The slow twitch soleus muscle was selected for
study because it has been reported to be more affected by sarin than fast
twitch extensor digitorum longus muscles (10). The soleus muscles were
pinned loosely on a sylgard plate and fixed immediately by immersion in 3%
paraformaldehyde and It glutaraldehyde in 0.15 M cacodylate buffer (pH 7.2)
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for 1 hr. 'The wiacles were then washed and stored in a 0.15 M cacodylate
buffer. Junctional regions were identified by reacting the whole muscle
for cholineeterase (ChE) activity, usirt, ACh iodide as the substrate (11).
Identified endplate regions were cut into small pieces and the precipitate
was removed by washing 2 to 3 days in 0.15 H cacodylate buffer. Blocks of
tissues containing the motor endplate were postfixed in 1% osmium
tetroxide, staine' an bloc with 0.5% uranyl acetate, dehydrated and
embedded in spon 6 !2. Semithin plastic sections (1-1.5 ow) were cut from
longitudinally oriented blocks and stained with toluidine blue to locate
motor endplateo. Ultrathin sections prepared from these blocks were
stained with uranyl acetate and lead citrate and examined in a Zeiss EW 109
electron microscope.

Ouant:itative mornhomewtrv. Lizhc-microscopic analysis of semithin
plastic sections. For all drug treatment groups, the area, perimeter,
width and length, of myopathic lesions were determined using a vide-camera-
equipped microscope in which the image was projected onto a digitization
pad (Bioquant system, Nashville, Tenn.). A planiwmter program generated a
running total of trapezoid areas swept by the cursor. All the measured
data from each group were averaged and the standard error of the mean was
calculated. The two-tailed Student's z-test was used for statistical
comparison of the datz-. The difference between two mean values was
considered significant if the probability value (P) was found to be < 0.05.

D. DAT•fZ Rm'RT;

Comparative study of the effects of organophosphorus compounds on frog
neuromscular transmission.

The primary cause of acute toxic effects of OPs has been attributed to
their ability to inhibit the acetylcholinesterase (AChE) in an irreversible
manner. Earlier studies from our laboratory and elsewhere indicate that
both reversible and irreversible CLE inhibitors could affect, targets other
than AChE at the cholinergic synapses and may also modulate noncholinergic.
transmission. Since the neuromuscular synapse forms one of the key target
sites of OP action, it is essential to understand how the molecular events
underlying neurotransmission are altered by OPs in order to counter their
toxic effects effectively. During the second year of this contract, we at-
tempted to partially answer this problem by studying the neuromuscular
effects of different OPs (soman, sarin, tabun and VX) at steps between
release of neurotransmitter and the occurrence of single-channel current
events.

Experiments were conducted using frog sciatic nerve-sartorius muscle.
preparations for recording of EPCs (Figures 1 and 2) and MEPCs (Figures 3,
4 and 5). Eccept for tabun, the other OPs at low concentrations (< 1 AM)
facilitated, whereas high doses (> 10 uM) of all four depressed, the EPC
peak amplitude, VX producing a greeter depression. The time constant of
EPC decay (fEPC) was prolonged, and a maximum increase was achieved with 1
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pN in the case of VX, sarin and tabun whereas soman produced a maximal
increase at a 0.l1-pM concentration. Doses > I #K of all OPs shortened the
rEpC from an enhanced level already achieved by a low dose. At the I-pH
cowrentration, all four OPs produced near-maximal enhancement (approxim-ace-

ly 3 times greater than control) of the EPC decay time constant, whereas at
doses of 10 pM and above, the rEPC values appeared lower than tast observed
with the 1-pM dose; again, a greater reduction was observed with VX. The
enhancement of rEpC can be attributed to inhibition of AChE, whereas the
reduction seen with higher doses appears to be due to their action on the
acetylcholine receptor (ACIR)-ion channel complex or to the assotziated
ionic channels. The reduction in the t EPC seen with higher Zoncencrations
of VX (particularly at more negative holding potentials) is indicative of
an open channel blocking action of the drug.

E"., of the four OPs affected the HEPC parameters in a different
fashion. The frequency of MEPCs was increased only by VX (Figure 3). MEPC
peak amplitude was enhanced to a greater degree by low doses than by high
doses of soman, sarin (Figure 4), and VX, whereas a dose-dependent
enhancement was observed in the case of tabun (Figure 4). This discrepancy
between the effects seen on peak amplitude of EPCs and MEPCs in the
presence of these OPs would mean an involvement of a presynaptic componentin their effects. By comparing the I-V plots of EPC.% and MEPCs, it is

possible to make some general predictions in that both VX and tabun could
reduce the release of transmitter, whereas sarin might even enhance this
release. Indeed our quantal content experiments with VX clearly indicate
its efficacy to reduce the evoked ACh release. A change in the affinity
of the receptors to ACh could be an alternate explanation for the above
effects. Soman, sarin (Figure 5) and VX, at high concentrations (> 10 AM),
caused a reduction of the time constant of MEPC decay (rMEPC) from the
enhanced level produced by a low dose. On the other hand, tabun at high
concentrations (> 10 AM) caused only a slight decrease in rMEPC (Figure 5).

The direct interactions of VX with the postsynaptic AChR were analyzed
in more detail at the single-channel current level. Single-channel
c*Arrents were recorded from frog interosseal muscle fibers (Figure 6). VX
at concentrations ranging from 5 to 50 pM produced a concentration- and
voltage-dependent shortening of the channel open times (Figures 7 and 8)
without significant change of the channel conductance. Unlike neostigmine
and edrophonium (12), VX induced well-separated short pulses with no cle&r
bursting activity, indicating a relatively stable .locked state. The
reduction in single-channel lifetime correlates well with the EPC results,
confirming the hypothesis of an open channel blockade by VX. However, in
the cases of sarin, soman and tabun, it is not clear whether the changes
seen in the TEPC are a consequence of a similar channel-blocking effect
and/or to a decrease in the availability of the AChR as usually seen in a
deaiensitized state. Sarin, at least, does not appear to block the AChR
channels (Figure 9).

In summary, the four OPs usad in this study, though sharing the common
effect of inhibiting AChZ, appear to induce differential effects at the
cholinergic synapse. The relevance of these effects to the toxic effects
of these compounds can be exploited for finding better remedies to tackle
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I

OP poisoning.

OP-oxing interactions in the rat phrenic nerv.-diaphragm mscle
praWation.

It is generally considered that the beneficial effects of oximes in OP
poisoning are due to reactivation of phosphorylated AChME. To determine the
contribution of enzyme reactivation and poisible direct effects of oximes
at the neruomuscular junczion in reversing the depression of muscle
function induced by OP agents, phrenic nerve-diaphragm muscle preparations
of the rat were used and twitches (0.1 Hz) and tetani (20 and 50 Hz nerve
stimulation for 4 sec duration) were recorded in control conditions, in the
presence of soman or sarin, and after application of HI-6 (100 pM) or 2-PAH
(upto 1 mK). HI-6 produced almost complete recovery (10-20 min) in both
twitch and tetanic (50 Hz) depression induced by soman (0.1 and 0.2 AM) and
sarin (0.2 and 0.4 pK). In contrast, 2-PAN va only effective against
u-tin and not against soman. Determination of AChE activity under. all
conditions is in progress. The recovery in muscle was maintained even
after washing HI-6 or 2-PAM. It appears that depression and inability of

.skeletal muscles to sustain tetanus in the presence of OPs are most likely
dum to direct effects of OPs at the AChR. The effeaiveness of HI-6 in
reversing this depression could be rhrough an action of this oxime at the
AchR.

Effects of carbamates and O agents on desensitization at the
nicotinic AChR in umallian soleus muscle.

Electrophysiological studies at the microscopic level with nerve
agents soman, sarin and VX and carbamates pyridostignine and physostigmine
have shown these agents to act as agonists at the AChR with varying
potency. Desensitization with a drug can be best studied by application of
iontophoretic pulses of ACh (2 M) at 8-10 Hz in denervated (12-15 days)
soleus muscles of rats. The muscles were removed from rats under ether a
anesthesia and perfused in vitro with physiological solution containing 1
pM tetrodotoxin to prevent spontaneous twitching. In control condition ACh
potentials having rising phase < I msec were obtained by iontophoretic
pulses (1 msec in duration) of ACh. After recording responses to 8 Hz
trains in 3 fibers the procedure was repeated in the presence of varying
concentrations of carbaoate pyridostigmine or OP agents satin, soman and
VX. Only the trails in whi-h responsss to single stimuli recovered'
tollowing the train were analyzed for determining the degree of
dasensitization. Effects of pyridostigmine and OP agents sarin and VX on
desensitization in the soleus muscle are shown in Figure 10. At
concentration > 10 AM, these drugs showed 30-50% desensitization which
recovered upon washing. Similar results were obtained with somAn.

Recently, using forskolin, a specific adenylate cyclase activator, we
and other investigators have demonstrated that the process of
desensitization at tbe nicotinic AChR involves cyclic AMP-dependent
phosphorylation (13-15). Preliminary experiments with satin and
pyridostigmine have shown that desensitization induced by these agents is
enhanced in the presence ox: forskolin (1-5 ). It is indeed likely that
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desensitization induced by carbamates and nerve agents is mediatod via
second messengers such as cyclic AMP and protein kinase C.

Mechsaism of interaction of the oximes praLidoximm chloride sod HI-6
with organophosphate-poisoned frog muscle.

Oximes such as pralidoxime chloride (2-PAN) have been considered as
antidotal agents in OP poisoning because of their ability to reactivate the
phosphorylated AChE enzyme. Early studies by Kuba at.L (2) have
indicated a direct effect of the oxime 2-PAN on the nicotinic AChR. Tn
order to gain more insight into their mechanisms of action, the oximes 2-
PAN and HI-6 were tested on the EPs recorded from frog sartorius muscle in
the absence and presence of either irreversible (soman, sarin, tabun or VX)
or reversible (physostigmine) AChE inhibitors. EPCs were recorded from the
frog sciatic nerve-sartorius muscle preparations. Results obtained from
EPC analysis with 2-PAN alone disclosed two distinct effects: 1) a
facilitation of EPC peak amplitude at low concentrations (< 1 mM), and 2) a
decrease of peak amplitude and decay ttme constant with higher (> I mM) 2-
PAM concentratrions (Figure 11). The former effect could be due either to a
piesynaptic effect or to an alteration of postsynaptic processes such as an
increase in the frequency of channel opening, as seen in patch clamp
experiments. HI1-6, on the other hand, produced a reduction in both peak
amplitude and decay time constant at doses of 100 pM and above (Figure 12).
There was a clear negative slope conductance seen in both plots at membrane
potentials ranging from -100 to -150 mV at doses of 1 mN and above,
su.ggesting the drug's ability to block the AChR-ionic channels in a
voltage -dependent manner'.

OP poisoning was achieved by perfusing the preparation for 1 hr with
Ringer's solution containing 20 juM of OP and then with normal Ringer's
solution for 1 hr to remove any excess of OP. This procedure resulted in a
maximu inhibition of ChE as evidenced by a marked prolongation of EPC
decay (> 3 times that of control) with minimal direct effects of these
compounds on the endplate. The prolongation of EPC decay by OP poisoning
was seen even up to 4 hr after OP wash in control experiments. This
allowed us to test the effect of oximes on such preparations (see Figures
13, 14 and 15). 2-PAN (100-500 AM) antagonized the effects on EPC
parameters of soman (Figure 13) and VX, and HI-6 (100-500 uM) antagonized
the effects of soman (Figure 14) and VX (Figure 15). Both 2-PAM and HI-6
(50 pM to 1 imi), at membrane potentials between -100 and + 50 mV, caused a
voltage-independent reduction in rEPC in OP-poisoned muscle, which nearly
reached control (pre-OP) levels. In addition, especially with H1-6 at
hyperpolarized potentials, a jteep, voltage-dependent decrease of rEPC was
observed. Similar antagonism by both of the oximes against any if the four
OPs studied was observed. However, this antagonistic effect of oximes
dimir4.shed upon their removal from the bath (TEPC again increased to a
level nearer to pre-oxime values), thus suggesting that the antagonism w~s
merely a manifestation of the direct effects of oximes at the AChR-ionic
channel corsplsx rather than due to a reactivation of the phosphorylated
AChE enzyme. This was supported bv the biochemical studies in which 2-PAM
up to 500 *N did not reactivate the VX-inhibited enzyme from frog sartorius
muscle (Table 1). Qualitatively similar results were obtained when 2-PAM
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was administered after the muscle was exposed to OPs for a brief period of
10 min.

Both these oxinmes acceleratid the EPC decay in preparations pretreated
with 10 MN of the reversible AChE inhibitor (-) physostigmine. Figure 16
illustrates such an interaction. between (-) physostigains and 2-PAN. (-)
Physostigmin* eliminated the voltage dependency of the EPCs decay time
constant (Figure 14) which is the result of two opposing reactions namely
AChE inhibition leading to slower EPC' decay at all potentials and the
channel blocking effect leading to acceleration of EPC decays at negative
membrane potentials. Addition of 2-PAN caused further acceleration of EPC
decay at all potentials indicating a direct channel blocking action for
this oxime. Washing the preparation resulted in slower EPC decay but
without loss of voltage sensitivity. This indicates that the AChR channel-
blocking effect of the two drags recovered earlier than the inhibition of
the AChE e tzyme by (-) physostigaine at the frog endplate region. Since
the acceleration of. EPC decay by these oximes is seen either in the
presence of irreversible (OP) or reversible (physostigmine) ChE inhibitor,
it is unlikely that such an effect is mediated through reactivation
mechanisms.

W hereas in normal muscles the stochastic, nature of cnannel-closing
events determines the decay phase of the EPC, in muscles poisoned by an
anticholinesterase (antiChE) inhibitor rebinding of ACh molecules occurs
during the decay phase and results in a prolongation of the EPC. Under
circumstances of ChE blockade, it is possible that, a desensitizing agent
could shorten the antiChE -prolonged decay by preventing receptor
reactivation during the decay phase of the EPC. To ascertain whether the
acceleration of EPC decay by 2-PAM and HI-6 in OP-treated muscles was .a
consequence of desensitizatiorn of AChE, we studied the effect of these
oximes on the reeponses of denervated rat soleus muscle to micro-
iontophoretically applied ACh. As shown in Figure 16, neither 2-PAM nor
HI-6 affected the amplitude of the ACh pulses in a train, thus ruling out
the involvement of a desensitization as a mechanism for oxime effects.

Patch clamp experiments with these oximes yielded some interesting
observations. 2-PAN markedly. increased the frequency of opening of ACh
channels as observed in studiis on the frog single muscle fibers (Figure
18). The significance of this effect is unclear; however, it may suggest
the role of *activationu or *prevention of desensitization* of AChRs. This
effect was not that marked in the case of HI-6. Both 2-PAN and HI-6
induced many brief interruptions during opening of the channels
("flickering'), which, at higher concentrations, resulted in bursts of
short-lived open states (Figures 19 and 20). The mean channel open time
was reduced to a great extent by both oximes, HI-6 being most potent for
this effect (Figure 21). This channel-blocking effect of HI-6 correlates
well with EPC results, in which this oxime produced a cle.r, voltage-
dependent reduction of rEpC.

In summar7f, the voltage-dependint reduction of EPC decay time constant
and peak amplitude by cximes (especially HI-6), the reversible antagonism
of OP effect by both 2-PAM and HI-6, and a further acceleration of EPC
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decay in the presence of physostigmine all indicate clearly the major
involvement of a direct action of oximes at the ionic channels of the AChR.
the reduction of both mean single-channel lifetime and conductance in the
presence of 2-PAN and HI-6, seen in our patch clamp studies, confirms the
above hypothesis. It may be concluded that the AChE channel-blocking
effects of oximes may form one of the major mechanisms by which these drugs
antagonize OP effects.

Correlation of the microapbyiology of carbamate anticholinesterases
and the endplate nyopathy in rat soleus mscles.

It has recently been established that two different carbamates,
physostipuine and neostigmine, have strikingly different microphysiological
effects on nicotinic receptor/ion channel complexes. Physostigmine has a
weak nicotinic-agonist effect and a strong channel-blocking effect, whereas
neostigmine has a strong cholinergic-agonist effect and produces little
channel block. In order to determine whether these differences can result
in differing patterns of subjunctional myopathy at voluntary neuromuscular
junctions, we used concentrations of the two drugs which produce identical
levels of inhibition (50%) of whole-blood AChE activity. Furthermore, we
applied the drugs to rat soleus in vitro neuromuscular preparations so that
we could control the action potential frequency applied to the nerves.

A morphometric analysis of the subjunctional cytoplasmic area showed
.that stimulation at 5 Hz for 1 hr caused a 42% increase (p < 0.001). In
contrast, exposure to neostigmine for I hr without stimulation caused a
253% increase over the control value. Subsequent stimulation- at 5 Hz
further expanded the endplate to 354% of the control value. Physostigmine
exposure caused a significantly smaller (111%) increrse and simultaneous 5
Hz stimulation caused a much smaller increment (to' 132% of control value).
We interpret the results according to the established hypothesis that
endplate myopathy is driven by excess cholinergic agonism leading to excess
ion accumulations. Our observations provide striking evidence that, at
least under these controlled conditions. the expected differences between
the ion fluxes, through nicotinic receptor/channel complexes induced by
these two drugs, correlates with the degree of morphological damage
subsequently observed at the endplates. The relative resistance of
physostigamine-exposed junctions to further stimulation-induced damage is of
particular significance.

The experiments also provided an opportunity to examine the
presynaptic effects of these two antiChE agents by electron microscopy.
Significant differences in this regard are also documented.

Protection by (+) physostig•mins, the en•ntiomer of natural physosti-
mine, against lethality and myopathy induced by sarin.

Natural (-) physostigmine, has been sho'n to be effective as a
pretreatment drug against the lethal effects of sarin (13). In addition,
"the soleus muscles of rats pretreated with (-) physostigmine (0.1 mg/kg,
s.c.) for 30 min prior to. injection of a sublethal dose of sarin (0.08
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mg/kg, s.c.) shoved an 86% reduction in the average dimensions of
subjunctional lesions 1 hr after injection of sarin (15). Such results are
usually interpreted to mean that transitory blockade by (-) physostigmine
protects a critical portion of the enzyme from irreversible phosphorylation
by the organophosphorus agent. When (-) physoatignine was injected soco
(0.1 magkg) into rats, it blocked <10% of solous muscle AChE.

Since (+) physostigmine was 200-fold less potent than (-)
physostigmine in inhibiting junctional AChE of the soleus muscles (in vitro
study), we used this compovnd to test the above hypothesis. Pretreatment
of female Wistar rats (200-220 g) with 0.1, 0.3 and 0.5 mg/kg (+)
physostigmine together with 0.5 mg/kg atropine (i.m.) 30 min prior to a
100% lethal dose of sarin (s.c.) reduced the lethality to 63, 29 and 23%,
respectively. The electron micrographs in Figure 22 show (A) the myopathic
changes in a soleus muscle 5 days after an injection with a sublethal dose
of sarin (0.08 mg/kg). Figure 22 (B) and (C) shows the appearance of the
muscles when the same dose of sarin was preceded by injection of 0.1 mg/kg
(-) physostigmine and 0.3 mg/kg (+) physostigmine, respectively. There was
a marked reduction in the severity and extent of myopathic damage induced
by sarin in these rats (Table 2). The soleus muscles removed 1 hr after
injection of 0.3 mg/kg (+) physostigmine in three rats showed virtually no
inhibition of AChE. One hr after injection of a sublethal dose of sarin
(0.08 mg/kg), the area covered by subjunctional lesions was 2018 ±t 163 Am2 .
Protreatment of rats with (-) and (+) physostigmine before a lethal
,injection of sarin (0.13 mg/kg) reduced the subjunctional lesion size to
273 ± 15 and 289 ± 19 Am2 , respectively (Table 2). Moreover, examination
of the'muscles at day 5 after pretreatment with carbamates before sarin
injection showed no detectable abnormality at the endplate region. A
single injection of (-) physostigmine (0.1 mg/kg) alone produced minor but
detectable damage of the subjuncticiiaal region, which was interpreted to,
result from AChE inhibition. Therefore, we examined the effects of (+)
physostigmine injected alone in rats at doses of 0.1, 0.3 and 0.5 mg/kg.
The degree of myopathy produced by (+) physostigmine was significantly
lower in comparison to (-) physostigmine. This is consistent with the weak
AChE-inhibitory activity of (+) physostigmine.

In conclusion, the prophylactic effectiveness of (+) physostigmine
against the toxic effects of sarin suggests that mechanisms other than AChE
blockade may underlie the protection afforded by carbamates in organophos-
phorus poisoning. This protection is most likely due to the ability of (+)
physostigmine and (-) physostigmine to block the postsynaptic AChR.

Optical isomers as powerful tools to unveil the mechanism by which
physostigmine and mecamylamine protect against organophosphate poisoning.

a) Effects of the (+) and (-) stereoisomers of physostigmine
on erdplate currents and single-channel currents.

The (+) stereoisomer of physostigmine offered protection against OP
compounds similar to that provided by rhe natural (-) isomer. Since (+)
physostigmine is a very weak antiChE agent, the protection afforded by this
agent must not be related to the AChE carbamylation-reactivation process.
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To determine the molecular mechanism(s) responsible for the protection
afforded by (÷) physostigmine, a study wva done, using voltage- and patch-
clamping techniques. (-) physostigmine, at loy concentrations (0.2-2.0
pK), increased the peak amplitude and prolonged the time constant of decay
of RPCs recorded from frog sartorius muscles (16), effects that are mostly
due to the drug's antiChS a.tivity. (+) Physostig•rine did not produce
these antiChE type effects on the EPCs, but at concentrations > 20 pb(
produced blocking effects (Figure 23). Both stereoisomers blocked the EPCs
by decreasing the peak amplitude and. shortening the rEPC in a
concentration- and voltage-dependent manner (ref. 16 and Figure 23). T EPC
was decreased with increasing drug concentrations, and the voltage
sensitivity of rEpC was gradually reduced as the concentration of the
blocking agent was increased. Whereas. double exponential decays were
produced by high concentrations of (-) physostigmine, at depolarized
potentials, the decay remained single exponential functions of time at all
concentrations of (+) physostigmine tested. These data suggest that
although not having antiChE activity like (-) physostigmine, (+)
physostigmine is also a blocker of the' open conformation of the AChR.

At the single-channel current level, using the patch-clamp technique,
(+) physostigmine, like the natural (-) isomer, actcd as an agonist of the
AChI. (-) physostigmine induced currents with many very fast flickers (16)
while (+) physostigmine-activated currents were well separated pulses
without flickers, like those activated by ACh (Figure 24). Both isomers
also blocked their own channels (see ref. 16 and Figures 24 and 25).
Although both isomers acted as agonists, (+) physostigmine activated
channels at concentrations higher than 10 pH, whereas the natural (-)
isomer activated channels at concentrations higher than 1 AK. When in the
presence of ACh, each stereoisomer acted as an open channel blocker,
producing a concentration-dependent decrease in the channel open time (ref.
16 and Figure 25). (+) physostigmine, on ACh-activated channels, did not
produce discernible bursting activity, while (-) physostigmine induced
bursts with many flickers. Therefore, the protection afforded by
physostigmine against irreversible ChE blockers may reside in its ability
to block the poetsynaptic AChR directly in the early phases of OP
poisoning.

b) Effects of (+) and (-) optical isomers"bf mecamylamine on endplate
currents and on single-channel currents activated by acetylcholine.

Mecanylamine is well known for its actions as a competitive antagonist
of the nicotinic AChR at the autonomic ganglia. As a nonquaternary
ammonium compound it would be expected to gain access readily to the
central nervous system. It has also been shown to be a very powerful
noncompetitive blocker of the nicotinic neuromuscular ACaR (17). Owing to
these characteristics, mecanylamine was combined with physostigmine in the
pretreatment regimen against CP poisoning, and the effectiveness of the
pretreatment was found to be greatly enhanced (18). A study of the optical
isomers was done in order to determine the precise mechanism(s) responsible
for its effectiveness and whether or not the isomers have different effects
on the AChR. A voltage- and time-dependent depression of peak EPC
amplitude was produced by the (+) and i-) isomersi (Figures 26 and 27).
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These effects wore more significant with (÷) memamylanine as revealed by a
marked hysteresis loop observed in the current-voltage relationship over
the entire range , of hyperpolarized potentials. The hysteresis loop
indicated a blockade of the AChR in closed conformation. Both isomers
reduced rEPC and removed the voltage dependence of this parameter, in
accordance vith an open channel blocking mechanism. (+) Nacanylamine was
more potent than (.) mecamyla•ine in depressing f•, with IC50 of 8 ,uN and
16 #K for (+) and (-) mecarylamine, respectively. AC the single-channel
current level, both isomers decreased the mean channel open tive, an effect
predicted for open channel blockers. Nevertheless, (+) mecanylamine Vas
more effective in decreasing the channel lifetims than the (-) stare-
oisomer. Both isomers produced channels well separated events, i.e. no
bursting activity was observed. (+) mecamylamine. as a powerful
desensitizing agent, vas potent in decreasing the frequency of channMel
openings, indice.ting that (+) mecamylamine should be the most effective
against cholinergic hyperactivation following OP poisoning. Studies such
as these are important not only for explaining the mechanism(s) of action
of agents- that have already been shown to be effective in protecting
against OP challenge, but also, in view of the detailed information gained,
in providing the guidelines for an accurate prediction of effectiveness of
putative new prophylactic agents.
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Figure 1. .ffers of soman ard sarin on EPCz recorded f•rom fra
sciatic narve-sartorius muscle zreparation-

Both compounds at low concc,.trataons increasad EPC peak amplitude and
decay time constant, while at higher doses they decreased these pameters.
The former effect is due to AChE inhibition, whereas the latter is
indicative of a direct action on the AChU.

Note that somam is more potent than sar:.n in producing the blocking
action.
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Figure 2. Effects of VX and tabun on ,EPCs recorded from from sciatic
nerm-aartorigg muscle orarations.

Both compounds at low concentrations increased rUl, while higher
doses decreased it. A facilitation followed by depression of EPC peak
amplitude was induced by VX in a dose-dapendent fashion, whereas only

depression was observed with tabun at all concentrations used.

Note the marked voltage-dependent effect of VX on both EPC parameters.
There was a double exponential decay of EPC at 100 IAK VX, the faster phase
reprcaeencad by open squares and the slower phase by filled squares in the
decay plot.
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Figure 3. Effect of VXon the freouency of sloontarteousi orcurrincu
IMPQm recorded% from fror sartor1ius muscle.

Tracings A-& are KKPCs obtakled from, a single call from a frog
sartorius muscle pretreated with diisopropylfluorophosphate (DFP) (I. ii; 30
min) and hold at -80 mV membrane potential. Following exposure to OFF, the
muscle van washed for 60 min before records worst obtained in the absence
(A) and in the presence of I (B), 5 (C), 10 (D) or 50 (E) AM~ VX.

Nane of the other three OPs significantly affected MEPC frequency.
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Figure 4. falet of o,,anm sarin and ,abmu on HEPC neak amnlitau-_
recorded CM frot OarrOiru mae-la in rthe orasence of I x 10.? H
tatrodotoxln..

Soman and sarin increased the peak amplitude at low concentration (1
AM) but decreased the aupliLude towards control values at concentractons of
> 10 AM. On the other hand, tabun caused only a facilt:atory7 effect.
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Figure 5. Effaer of noman sarin and tab=n on MEPC decay timM
constanc recorded from frog sartortuo s,,gG•e in the gresence of 3 x 10-'
tatrodotaxin-

All the three OPF produced maximal increase in r'C at 1 AM. Higher
concentrations (> 10 Ad) reduced the repC from the already enhanced values,
which was seen clearly in the case of soman and sarin.
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Figure 6. Samnles of ACh-ac.at.d chan-ne. currents. recorded fro"
fror interosseAl =gsels. in the nresence of various conc~~ntrat~ions of VX.

I ecords were obtained from isolated frog muscle fibers, using cell-
4Ltached patch configurations. Temperature 10 0C. Filter band width: 3
kiz. Holding poential, -110 mVi . Noce the dose-dep.ndenc blockade of
channel open time.
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Figue 7. Ooen tie. historran of channel rurrentas. recorded from
fraou ,ntayomseal muAsce, activated by ACh in the gresenca of VX.

Single-channl currents were recorded, uuing cell-attached patch

configuration with a pipette containing AC(h (0.3 AM) either alone (A) or
together with S (B), 10 (C), 20 (D)) or 50 (E) pH VX. Mean channel open
times an determined by linear regressioni on the logarithms of the bin
amplitude were 9.7 (A), 6.5 (), 4.11. (C), 2.8 (D) and 1.5 (3) ae,.
Potential was held between -120 and -130 aV
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Figure 9. Saim~les of ACh-acti'vatad channel currents, recorded from
frog inineroazeal muscle. in the abaence and presence of sarin-

Methods. similar to those for VZ. Holding potential, -165 mV. Note
that unlik. VX, this compound did not significantly change the mean channel.
open time up to a concentration of 50 AM.
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Fig%=e 10. Effect of pyridostigmine. sarin and •'X on desensitization
in the soleuA muscle,

Amplitudes of Ist and every7 10th response inl a train of' 100 responses
were measured and expressed as percent amplitude of lsz AL~h potential in a
train. For t.he -pur_-pose of t~hifs figurJe responses elicite:d by t~he 90t~h and
100th ACh pulse were pooled and expressed as percent of Ist response. In
contlrol (CON) conditionsl, there is only a 10-131 decrement in ACh response,..
whereas in1 the presence of pyridnatigrmi or OP agents there is a 30-50%
dacrementt in responses due to desensitization. Vertical bars indicate SEM
of values obtained in at least 3 trials for each concentrations.
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Figu.2e 12. Effees of HT-S on EPC ck ak litLude and r d
from fro' sartorium muscle.

H1-6 (100 phI) produced a voltage-dependent depression of both
parrAeters..

Note the slope reversal in both plocs at negative membrane potentials
ranging from -100 mV.
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Figure 13. Soman-2-PAM interactlon as exhlbited by their effects on
EPC naraptera recorded fro frau sar-ori,, ma_•si.

Treament of the musle with socun (or amy OP) for I hr and a
subsequent wash with normal Ringer's solution for I. hr resulted in a marked
enhancement of i*"pC and a slight decrease in EPC peak amplitude. Further
teacmant with 2-PAH caused a reversal of the OP effect towards control
values on both pasameers.

Note the voltage-dependent reduction of r~pC by 2-PAM in the OP-
created muscle, which is more evident'when compared to that observed in a
preparation untreated with an OP.
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Figure 14. Sgman-HT-6 interaction as exhibited by their effects on
EPC parameters recorded from froy sartorius muscle.

TreatTment of the muscle with soman (or any OP) for I hr and a
subsequent wvah with normal Uinger's solution for I hr resulted in a mrkead

hencement of rXpC and a slighit decrease in EPC peak amplitude. Further
treatment with HI-S caused a ra-iersal of the OP effect towards. cont-ol
values on both parIameters.

Note the voltage-dependent reduction of rEp( by' HI-6 in the OP-
treated .asc le, which is more mvident when compared to that observed in a
preparation untrea•ed with an OP.
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FigUr* 15. VX-IHI-6 iiitsfaction as exhibited by their effects oni EPC
Dara~eters recorded from frotr s-roritJ u mscs.l

HI1-6 also produced a reversal of the effects of VX (and other OPs) on

OuQs:ion-. Is the reversal of OP effect on EPC by oxizaem H1-6 and
2-PAM due solely to reactivation of phosphor7yated AChE?
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Figure 16. Intaratioon of 2-PAM with reversible AChE inhib:tor otn
recorded from frog s&atorius muscle.

2-PAN (and also HI-6) produced a clear depression of rEpC in muscle
preparations creaced with the reversible Chi inhibitor physoscigmine. This
effect also indicates the direct effect of oximes ac the AChl.-complex.

The blockade of rE' seen in the presence of 2-PAN and tia-6 either
alone or in the presence of ChE inhibitors is due to their channel-blocking
effects, &v seen in single-chaizel studies (see Figures 19 and 20).
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Figure 17. Sensitivity of the extrMunetional ration of the
chronicallX deprvagsd uoleun sucle of the rat to microionto horetically
aImlied ACh in the - resenee of 2-PAM (A) and HI-6 ()..

About- 40 AM pulses of 0.5 noec duration were applied to the
extraJunctionL1. region at 1 Hz and the resultant potentials were recorded
Litracellularly. The amplitudes of subsequently evoked ACh potentials in
the train are plotted as percentages of the potential. elicited by the first
ACh pulse in the train. (0 ) Control; ( * ) in the presence of 2-PAH and
H1-6. ,Note that the values obtained in the presence of drugs are not
sigifircntly different from those of control. The insets in A and 3 are
the histogrsams hoving -the extrajunctional sensitivity (V/nC) to
iontophoretically app-ied'ACh in the absence and in the presence of drugs
and after 60 sin wash. The bars marked a-d in & are control, 2 mH 2-PAN, 4
M( 2-PAH, and 50 min after vash. respectively. The bars a-d in • are
control, 0.5 ad ( 1-6, 1 aJK I -6 and 60 min after wash, respectively.
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-- ber fr~om at least t-hree separatel fibers on which suaccessful. recordi.ngs
coul~d be d:one, foro a periLod of[ at least 40 min.
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Figure 19. gAmleg of ACLh-aeniva•atd ehannel currants. recorded from

t nteross &I muocle in the presence of Varfous concentrations of 2-PAM

Single-channel currents were :ecorded from frog muscle fibers under

cofl-attached patch configuration with a pipette containing ACh either

alowe or together with different concentrations of 2-PAM. Potential wasI
held at -140 ai.

Note the graded increase in che flickering of the channels and the
subsequent blockade of tiie channel open time. Also, there is an increase
in the frequency of chael opening in . presence of 2-PAM.
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Fig•re 20. Samnls of ACh-activated channel currynts. recorded from
frao interommeal muscle in the 2resence of various concentrations of HI-6.

Potential was held bemveen -130 and -140 WY.

Note the drastic reduction in open time in the presence of HI-6.
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Figure 21. Open-time histo=rUa of channels activated by ACh in the
oresence of 2-PAM and HI-6- recorded from frog intgrosseal MusclIe.
A Control ACh, 400 nH; mean from seven separate patches; mean open tine

8.20 maec; total number of events - 2112.

A 2-PAH 50 jpM + ACh 400 nM; mean from two patches; mean open time - 2.72
maec; total number of events - 2897.

HI-6 SO pA + ACh 400 ni; mean from two patches; mean open time - 0.87
mcec; total number of events - 2802.

Potential was held between -130 and -140 WV.
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Figure 23. Concentration- and voltare-devendent effects of (J+
ohysostmene on the current aml.itude and the decay time constant of Che
EPCs recorded from frow sartorius muscle.

Left: I-V relationship in the absence (0) and in the presence of(4)
physoecignine 0.2 (*). 2.0 (a). 20.0 (]). 60.0 (A) and 120.0 A (c).
Each symbol represents the mean obtained from, at least six fibers observed
in five or more muscles. Errors shown are S.E.M. Right: Relationship
between time constant of EPC decay and holding potential. Inset:
Relationship between the reciprocal of the time constant of EPC decay and
drL concentration. Hembrane, potentials: , -60 (0), - 100 (40) and -140
(6) mV. Solid lines represent the best fit obtained by linear
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Figure 24. Samnles of slntle-chanrial currents. recorded from frpc
intarosseal misCle. a&ctivatad by 10 W4 anid 20 aH U.+) obhyspsefmine alone in'
the natch oinetto -and by ACh in the nresenee of 5 iiM and 20 td4(4
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Figure 26. Concentration- anid valtart-devendence of t,.ak amplitude
(left~) and docia tin^ constant (right) of EPCs recorded from frot sartonius
m Isc in the presencem of hith concentrations of (+mocawyinmine

(0 ) control, ()4, (A .8 and (A) 16 AN (+) mecazylaaine. A
timer-and voltage -dependent depression of tihe KC peak amplitude is evident
at hyperpolarized potentials. This effsect was practically abolished when
the duration of the conditioning pulse was shortened from 3 see to 20 maee.
The hysteresis seen with 3-sec conditioning, pulses suggests some degree of
desensitization of the nicotinic AChLa. (4.) ftecmylafine also decreased
the decay time constant of decay and induced an apparent loss of the
voltage -dependence seen under control conditions, suggesting a blockade of
the ion channel in its open conformation.
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Figure 27. Concentration- and vo Itaree-danndente ffaetSi Of t-)
mecminlamine on sPa recorded from frow siar9or,,- muscle-

Peak amplitude (left) and decay time constant (right) of EUCs in
control conditions (C 0) and in the presence of high concentrations of (-)
meca.ylamine: (A) 8, (r3) 10, And (1) 16 ot.
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Table 1.

Effect of 2-PAM an VI- nindced acecylchal~nesterase inhibition in frog

Treatment Acecylcholinmstaraae activit~Y Enyue inhibition
(pinol/sag proc/amn) (I control)

Control 5.55 t 0.24 0

VX 2OpH 2.25±:t0. 13 60

VI 20 pM and:

2-PAM 100 AN 2.14 t 0.16 61

2-PAM 500 AM 2. 13 ±t 0. 08 62

2-PAM 2 ii( 3.12 ±0.35 44

a Acetyleholinornterame activity was dacoramned by the method of Eliman 12
Al,. (19).

Note the abse* nce of reactivation of acetylaholinesterase with 100-500 pH
2-PAM. About 16% reactivation vasn noted with 2'mk 2-PAM.



Table 2.

Influence of pretreatment with carboataaes
on subjunctional lesions indhced by a lethal done of sarin

Subj unctional Lesion

Number of
endplates/ Area Perimeter Length Width

Groups Rats N)()()

Untreated& 40/3 124 8 72 ±3 27 2 10± 1

Sarin I hb 49/3 .2018 ± 163 206± 12 64 ±4 46 _t 3
Sarin 5 days 93/3 493 ±47 122 ± 7 41±t 2 20 t 1
Sarin 10 days 34/3 221 ± 25 9-4- 8 33 ±t 3 12 ± 1

(+) physostigmine [(+)PHY]
(+)PHY 1 hrd 40/3 183 ±t 20 74 + 3 29 ± 3 10 _1 I
(+)PHY-sarin 1 hrd 35/3 289 ± 19c 90 .3c 34 + 2c 12. ± 1e

(+)PHY-sarin 5 days 32/3 indistinguishable fro; normal controls

(.) physosti .mi.e[(-)PHY'
(-)PHY I hre 48/4 228 t 24 76 ± 3 29 3 10 ±1
(-)PHY-sarin I hr* 101/4 273 ± 15a 89 ± 3c 29 ± 10 12 e IC
(-)PHY-sarin 5 days 93/3 indistinguishable from normal controls

• These values for the size of the ondplate sarcoplass are taken from a
series of untreated 1 1 muscles. The comparison is meant to
provide general guidanceo.

The animals were injected with a subcutaneous dose of sarin (0.08
mg/kg) and sacrificed I hr, 5 days and 10 days later for morphological
studies;

C. The values for (+)PHY (0.3 mg/kg) pretreatment prior to a lethal dose
of sarin (0.13 mg/kg) were significantly smaller than those observed
after a sublethal dose sarin (0.80 mg/kg) alone, P<0.001. Similarly
significant differences were found when (-)physostigmine was used.

The animals were either injected with (+)PHY (0.3 mg/kg) alone and
sacrificed I hr later or procreated with this dose for 30 'mn before
injection of a lethal dose of sarin (0.13 mg/kg) and sacrificed I hr
later or at day 5;

C* The sequence of treatment was the same as in the previous group, except

the drug used was (-)PHY (0.1 mg/kg).
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