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Abstract-. Soman, an organophosphorus cholinesterase inhibitor, interacts irreversibly with both the 
enzyme acetylcholinesterase and a site similar or identical to the acetylcholine receptor of the intact 
Electrophorus electricus electroplaque. The Soman-induced inhibition of esterase activity in intact elec- 
troplaque is not reversed by washing in inhibitor-free saline; indeed, the inhibition increases. This 
is in contrast to the slow recovery. with washing. of esterase activity in DFP- and Paraoxon-treated 

cells. Soman also affected the electrical and chemical excitability of the eicctroplaque-innervated mem- 
brane. Application of Soman to the electroplaque usually resulted in a two-phase depolarization. Coinci- 
dent with the large. rapid. Soman-induced depolarization, the electrically excitable sodium ion current 
of the conducting membrane was completely inhibited. Dimethyl d-tubocurarine, an inhibitor of chemi- 
cal excitation at the post-synaptic membrane, prevented but could not reverse the effects of Soman 
on the excitability of the innervated membrane. The rapid “aging” of the Soman-protein complex 
is discussed in connection with its effects on the electroplaque. 

It is well known that organophosphate-inhibited 
cholinesterascs may be reactivated by nucleophilic 
agents, including water and oximes, provided that the 
dialklyphosphorylated enzyme (or comparable struc- 
ture if, for example. a phosphonate inhibitor is used) 
has not “aged” to the corresponding monoalkly form 
[l]. It has also been noted that single electroplaque 
cells of Elecrrophorus elrcrricus treated with di-isopro- 
pylphosphoro~Lloridate (DFP) and similar organo- 
phosphates, on subsequent washing, lose their in- 
creased sensitivity to acetylchoiine (ACh) in a manner 
paralleling the reactivation of the acetylcholinesterase 
activity in the same preparation [2]. These observa- 
tions and conclusions fit the general concept of a role 
for the ACh system in synaptic transmission. On the 
other hand, a possible general role for ACh in con- 
duction along excitable membranes [3] either is not 
supported by a sufficient body of evidence. or appears 
to be incompatible with some of the evidence avail- 
able [4.5]. In the course of investigating these seeming 
contradictions, concentrations of inhibitors several 
orders of magnitude greater than normally required 
to cause inhibition of acetylcholinesterase activity in 
solution have been applied to nerve and muscle cells. 
While the observations from such experiments are sel- 
dom in dispute, the conclusions frequently are. Never- 
theless. as a result of such experiments some unex- 
pected observations have been recorded which do not 
appear to be directly related to the inhibition of ace- 
tylcholinesterase activity. For example, when squid 
axons are bathed in 10-j M O,O-di-isopropyl S-(2-di- 
isopropylaminoethyl) phosphorothioate (Tetriso), 
there are rather small and readily reversible changes 
in action potential spike height, and a steady deterio- 
ration of the axon response over the experimental 
period [S]. At the remarkably high concentration of 
10m2 M, ethyl ~.~-dimethylphosp~or-amidocyani- 
date (Tabun) causes a slight decrease in squid axon 
action potential spike height and a lo-fold increase 
in the threshold necessary to evoke the spike [7]. 

There is evidence that the or~anophosphates. particu- 
larly DFP, diethyl p-nitrophenyl phosphate (Para- 
oxon) and O.O-diethyi S-(2-dimethylaminoethyi) phos- 
phorothioate (Phospholine. 217AO). interact with the 
ACh-receptor (AChR) in Electrophorus electroplaques 
[S]. In a somewhat different context, the phosphory- 
lation of a certain inessentiat esterdse (“neurotoxic 
esterase”) is thought to be the explanation for the 
degeneration of axons caused by organophosp~dt~s 
[9]. And in a quite different system. DFP exhibits 
detergent-like activity on rabbit leucocytes [lo]. In 
all of these reports. the rather slow rate of dealkyla- 
tion of a protein-organophosphate. i.e. “aging,” is 
either a factor which complicates the observations or 
a factor on which the observations depend. 

1,2,2_Trimethylpropyl methylphosphonofluoridate 
(Soman) is an extremely potent inhibitor of acetyl- 
cholinesterase activity which “ages” by the loss of the 
trimethylpropoxy group from the phosphory~ated 
esterase at a rate too rapid to measure by usual 
means [l]. thus eliminating one variable. It is also 
known to have effects on biological systems not solely 
attributable to the inhibition of acetylcholinesterase 
activity. as for example the block of frog nerve con- 
duction at 1.5 x 10-l M. and reversal on washing 
[l I], the interference with respiration of tissue slices 
and inhibition of some of the enzymes of intermediary 
metabolism at 5 x 10e4 to lo-” M [12], and 
degenerative changes in motor end-pIate regions after 
intraperitonal administration [i 31. And finally it 
would be predicted (although the experiments have 
not been done and might be difficult to do) that 
Soman would bind to the active site of the so-called 
“neurotoxic esterase” and subsequently elicit nerve 
degeneration by virtue of its very rapid deatkylation 

C9]. 
Because of this body of inconclusive but lingering 

and suggestive evidence of additional effects of 
organophosphorus cholinesterase inhibitors, we have 
considered it worthwhile to attempt to examine the 
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underlying basis for these phenomena. To do this we 
have combined the use of a specific chemical probe. 
Soman. a sensitive physical method. the voltage 
clamp. and a biological prepar~~tion which permits 
the examinatio~l of several aspects of membrane func- 
tion. the single eie~trt~pl~~q~i~ cell of ~~~~~*r~~~p~7~~l.~fs 
~,~~~~~i~z~s [ 14 161. 

MATERIALS AND .METNODS 

Preparurion t$ sinylr ccl/s (c/rc,troplaques), Electric 
eels (EErctropt~ov~ts electric.rts) were purchased from 
World Wide Scientific Animals, Ardsley, N.Y.. and 
were held at the Shedd Aquarium, Chicago., Ill. 
before a final transfer to this laboratory. The rela- 
tively gross dissection of rows of electroplaques from 
the Organ of Sachs, and the finer dissection of single 
electroplaques free from adjoining cells, connective 
tissue, and almost all extracellular material except for 
adhering nerve endings are essentially the procedure 
described by Schoffeniels Cl41 and by Higman and 
Bartels [15]. 

Enqww tlrrunilirltrfion. It is assumed that the acti- 
vity of a -number of different esterascs is being 
measured when the ACh-splitting activity of whole 
electroplaques is being followed. However, the ester- 
ase activity of cleanly dissected electropIaque should 
represent mostly the activity of the enzyme EC 3.1.1.6. 
acetyl~holinesterase (AChE) [17]. AChE acrivity was 
measured by the calorimeter method of Ellman er 
al. 1181. For our purposes, intact electroplaques were 
incubated with AChE inhibitors for 30 min, rinsed 
briefly, and thereafter washed in a volume of 100 ml/ 
electroplaque of inhibitor-free saline solution for 
varying periods of time. The electroplaques were then 
placed in 3 ml saline containing the substrate, acetyl- 
thiocholine (ATC) at a concentration of 5 x IO-* M. 
and the reagents of the color reaction. The hydrolysis 
of this substrate by intact electroplaques was then 
followed for 15 min. 

Mountincj 01’ c~/~~~rrop/irylrt~.~ L& ekcrricrrl Thor-ding. 
A thin plastic sheet with a “‘window” cut in its center 
was pressed against the innervated face of a single 
electroplaque. This allowed 0.75 mm’ of the cell sur- 
face to be exposed to a perfusion medium passing 
through an adjacent 0.05~ml chamber at a rate of 0.5 
to 1.0 ml min-’ [ 19]. The electroplaquc was impaled 
through its non-innervated membrane with a glass 
microelectrode filled with 3 M KC], and having a 
resistance of 5- 15 megohms. ~ernbr~~rle conductance 
was measured by means of a voltage clamp. The volt- 
age across the innervated membrane was again 
measured with a KCI-filled glass microelectrode 
positioned inside the cell and a 3 M KC1 agar bridge 
in contact with the perfusion chambers outside the 
cell. Short lengths of platinized platinum wire on 
either side of the electroplaque were used as the elec- 
trodes for supplying and measuring current. The 
series resistances between the two sets of electrodes 
were compensated for by separate feedback circuits 
[20]. The series resistance between the two voltage 
electrodes was estimated by observing the size of the 
sharp voltage step that accompanies the slower volt- 
age response of the parallel capacitjmce and resistance 
components during a square current pulse. The series 
resistance between the current electrodes. but outside 

the potential sensing electrodes, was compensated for 
by feeding back that portion of the total current 
necessary to minimize the rise time of a critically 
damped response. The rise time of the clamp was ap- 
proximately 35 psec. 

~~~i~~lzf.~ tend .s~~~l~f~~)~,s. ACh bromide and ATC 
bromide were purchased from Sigma Chemical Co. 
Dimethyl d-tubocurarine iodide was a gift from Eli 
Lilly & Co. DFP was purchased from Aldrich Chemi- 
cal Co. Paraoxon was a gift from Dr. Robert A. Neal 
of Vanderbilt University. Soman was synthesized in 
this laboratory 171. 

Dissection of the electroplaque cells and the exper- 
iments themselves were performed in a saline solu- 
tion, having the following composition and mM con- 
centrations: NaCI. 188; KCl, 5; C’aCl,, 2; MgC12. 2; 
NaH2P0,. 0.15; Na2HP0,+, 1.45: glucose. S [21]. The 
pH was 7.4. Substrates and inhibitors were dissolved 
in this medium. 

RESULTS 

Inhihifion of’ AChE. In the absence of AChE inhibi- 
tors, cleanly dissected intact electroplaques hydro- 
lyzed ATC at the rate of 285 I: 96 nmoles hr-’ cell-’ 
(mean of 28 cells i standard deviation). This is lower 
than the previously reported values of 680 i 390 
nmoles hr ’ cell- ’ (mean 1: standard devjation) 
using ACh as the substrate [22]. The smaller standard 
deviation for the lower value suggests a more thor- 
ough removal of connective tissue and adjoining cell 
debris, but factors such as seasonal variation, sub- 
strate and differences in the color reactions used may 
also be involved. Figure I shows the recovery of 
AChE activity at the end of 30-. 60- and YO-min wash- 
ing periods after a 30-min incubation of electro- 
plaques with 3 x low4 M DFP. Paraoxon or Soman. 
As previously reported 121, the most rapid rate of 
recovery was found in Paraoxon-treated cells; the rate 
for DFP-treated cells was much less. In marked con- 
trast, the Soman-treated cells continued to lose acti- 
vity during the washing period. Although all three 
inhibitors were present at concentrations at least four 

Time, mtn (wash) 

F-ig. 1. Time course of inhibited electroplaque AChE reac- 
tivation. Each point is the mean of five determinations 
and the vertical bars represent the standard deviation 
where they are larger than the symbol. Paraoxon-inhibited 
AChE activity is represented by triangles, DFP-inhibited 
activity by squares and Soman-induced activity by circles. 
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orders of magnitude greater than would normally 
cause complete inhibition of purified AChE in solu- 
tion (>99.9 per cent), only about 85 per cent was 
inhibited in the intact cells in the first 30 min of expo- 
sure to inhibitor. Similar residual activity was 
observed in a previous study [Z]. in which organo- 
phosphates were used to inhibit whole electroplaque 
AChE activity. It seems likely that this remaining 
activity results from a sparing effect due to permeabi- 
lity barriers which shield some fraction of the AChE 
activity from contact with the inhibitors (for instance 
see Refs. 17 and 23). This remaining activity certainly 
represents real hydrolysis by the enzyme since, as can 
be seen in Fig. 1. Soman continues to act during the 
wash and inhibits part of the residual activity. Also, 
the residual activity occurs regardless of which inhibi- 
tor is used so that it is not the result of any reactiva- 
tion before zero time. 

The data were subjected to linear regression analy- 
sis with respect to the changes of activity during the 
wash periods, and to analysis with respect to the 
sources of variance between inhibitors and with re- 
spect to the portion of the Organ of Sachs from which 
electroplaques were dissected. In summary, there is 
a significant difference in enzyme activity during the 
wash period between the treatment groups, and this 
difference was not influenced by any variation im- 
posed by the anatomical source of the electroplaque 
cells. In addition, the analysis indicated that through 
the first 60 min of washing the recovery of the DFP- 
and Paraoxon-treated cells had significant linear com- 
ponents. In contrast, the Soman-treated cells showed 
a significant linear rate of increasing inhibition during 
the same period. The reason that a significant linear 
regression of enzyme activity on the wash time does 
not occur when the analysis is extended to 90 min 
for the DFP- and treatment groups is apparently due 
to a process unrelated to enzyme inhibition or reacti- 
vation This process may be a loss of enzyme activity 
due to the washing process itself. Cells which were 
not treated with inhibitor also lost some small 
amount of activity after 60 min of washing. However, 
we feel that the conclusions drawn from Fig. 1 remain 
valid. These conclusions are: (1) that for DFP- and 
Paraoxon-treatment groups there is a significant (5 
per cent level) linear regression of enzyme activity on 
wash time (for (&60 min) and that this regression line 
has a positive slope (re-activation): (2) that the Soman 
treatment group also has a significant linear regres- 
sion (5 per cent 1eCel) of enzyme activity on wash 
time (for CL90 min) and this regression line has a 
negative slope (inactivation). 

@‘ects on memhrctne potrritictl. Although normally 
5 x 10dh M ACh has no effect on the electroplaque 
resting potential, in the presence of the reversible 
AChE inhibitor physostigmine. this same concen- 
tration of ACh produces a reversible depolarization 
1241. If the electroplaque is first pretreated with the 
irreversible inhibitor DFP, and the DFP is then 
removed, the same concentration of ACh again pro- 
duces a response similar to that seen with physostig- 
mine. Again each depolarization is reversed on remo- 
val of ACh. In addition, however, the magnitude of 
each succeeding depolarization produced decreases 
with time as the cell is washed with inhibitor-free 
saline [2]. We have repeated these DFP experiments 

with similar results, as shown in Fig. 2. Again, 
although preincubation in 3 x 10e4 M DFP did not 
affect the resting potential, subsequent application of 
5 x 10d6 M ACh after removal of the DFP caused 
a depolarization of approximately 40 mV. Upon 
return to ACh- and DFP-free saline, the electroplaque 
repolarized to its original resting potential [S]. Each 
succeeding application of ACh evoked a smaller re- 
sponse until, after about 35 min the magnitude of 
the depolarizations was about half of the initial value. 
Reapplication of DFP resulted in the restoration of 
the ACh-obtained depolarization to its initial magni- 
tude. 

Figure 2 also shows spontaneous depolarization and 
repolarization of an electroplaque caused apparently 
(although not directly) by the prolonged treatment 
with AChE inhibitor and ACh. This phenomenon has 
previously been reported for electroplaques bathed in 
organophosphates, in ambenonium, and in physostig- 
mine [8,24]. In the present study, as in the past, these 
effects were not always seen. 

Thus far, the results with DFP are a confirmation 
of previous findings, and an indication that our exper- 
imental methods are comparable to those used pre- 
viously. Now in contrast to this, Fig. 3 shows typical 
effects of preincubation with Soman on eel electro- 
plaques. Again. the application of 5 x 10m6 M ACh 
produced a depolarization, but in contrast to the 
DFP-treated electroplaques the reversal of the depo- 
larization on removal of ACh was incomplete, 
whereas succeeding application of ACh now produced 
depolarizations to the same voltage as the first one. 
After the third ACh application, the electroplaque 
depolarized irreversibly; in other experiments it was 
never possible to apply ACh more than three times 
without a similar slow irreversible depolarization 
occurring. This effect was sometimes observed after 
one or two ACh applications, and occasionally after 
as little as a IO-min exposure to Soman before any 
ACh had been applied. Finally. with the Soman- 
treated electroplaques the recovery from ACh- 
induced depolarization was slower than with DFP. 
and the brief spontaneous depolarizations and repo- 
larizations seen with DFP did not occur. 

IO I I 
0 50 loo 

Time, nxn 

Fig. 2. ACh-induced depolarizations in the electroplaque 
preincubated in 3 x lo-“ M DFP for 30 min. The ACh 
concentration was 5 x 10e6 M. The depolarizations and 
recoveries seen after 70 min occurred spontaneously. R in- 

dicates eel saline. 
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ACh 

Time, mm 

Fig. 3. ACh-induced depolarizations in an electroplaque 
preincubated in 3 x lo-“ M Soman for 30 min. The ACh 
concentration was 5 x 10m6 M. Note that Soman alone 
caused some slight depolarization before ACh was applied 
and that the cell depolarized irreversibly after partial re- 
covery from the final ACh-induced depolarization. R indi- 

cates eel saline. 

When the effect of Soman by itself was examined 
more closely it was found, from nine electroplaques. 
that application of 3 x 10m4 M Soman resulted in 
a slow depolarization of 5-10 mV over a period of 
17 k 2 (mean + standard error) min followed by a 
sharp irreversible depolarization of 47 k 5 (mean k 
standard error) mV. A typical experiment is shown 
in Fig. 5a. The sharp depolarization coincided with 
a change in the excitability of the conducting mem- 
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brane. as well as an irreversible change in the conduc- 
tance of the membrane. 

Explortrf ior~ of r@ts A!, IYJ/~(K/P c,l~rnp. To examine 
these effects in still more detail, electropiaques were 
periodically stepped to various voltages and held 
there briefly while the current response was recorded. 
This is the well-known technique of the voltage 
clamp. described briefly in Materials and Methods. 
The electronic equipment was so arranged that the 
mombranc remained iI1 current clamp condition (at 
the cell’s zero current potential) cxccpt for IX-msec 
periods during which the clectroplacluc was voltage 
clamped. A series of such voltage steps. executed at 
various times during the Soman experiments, allowed 
the current-voltage relationship of the innervated 
membrane to be found. Thus, the conductance of the 
membrane was determined before Soman application 
and shortly after the rapid irreversible depolarization 
caused by the Soman application. This is seen in Fig. 
4a. During the occurrence of the depolarization itself. 
we observed the current llow when the membrane 
was clamped repeatedly to a potential of 0 mV. This 
is seen in Fig. 4b. It is evident in Fig. 4b that the 
decline in the sodium current transient has a different 
time course from either the zero current potential de- 
cline or the changes in the steady state current. The 
interpretation of the current- 1 wltage plot is based 
mainly on the work of Grundfest CI trl. [lh,25], a 

brief summary of which is included here. In the un- 
treated electroplaque, the resting potential is taken 
to be the potassium eon equilibrium potential. An 
extrapolation of the steady state constant conduc- 
tance seen over the range of depolarizing potassium 
inactil ation back to the potassium ion equilibrium 
potential allows ihc leak conductance to be obtained. 
The conductance at the peak inward current. over 
a ~rangc of sufficiently positi\c voltages. is assumed 
to be made up of the sodium conductance plus the 

lb) 

Time, m!n 

Fig. 4. Soman-induced changes in the ionic currents and the conductance of the innervated membrane. 
(a) Current measurements obtained using the voltage clamp, before Soman application (the filled and 
unfilled circles) and after the Soman-induced rapid depolarization (unfilled triangles). The unfilled circles 
and triangles represent the total ionic current at the end of an 18-msec pulse (steady state current). 
The filled circles represent the total ionic current at the peak of the sodium ion transient (at approxi- 
mately 1 msec after the start of an above-threshold pulse). (b) The steady state (unfilled circles) and 
peak sodium ion (filled circles) currents at zero membrane potential and the corresponding Inncrvatcd 
membrane resting potential (triangles) before. during and after the Soman-induced rapid depolarization. 
“Initial” refers to the measurements taken shortly after Soman was first apphed (approximately 15 
min before zero time). “Final” refers to values taken at the same time as the final depolarization 
phase in Fig. 4a. The values in between represent a sampling of the three parameters at 7-min intervals 
taken during the actual Soman-induced rapid depolarization. The measurement!, in 4a and 3b are 

from the same cell. 
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Fig. 5. Interaction of Soman and dimethyl d-tubocurarine. 
(a) Soman-induced slow and rapid depolarization of the 
innervated membrane. The potential change coincident 
with Soman application is an artifact of the perfusion sys- 
tem. After the depolarization, the microelectrode was deli- 
berately removed and reinserted in order to check the im- 
palement. (b) Dimethyl d-tubocurarine prevents the depo- 
larizing effects of Soman. (c) Dimethyl d-tubocurarine 
applied after Soman but before a Soman-induced rapid 
depolarization. R indicates eel saline. In 5a, 5b, and SC 
the Soman concentration was 3 x IO-’ M and the 
dimethyl d-tubocurarine concentration was 5 x iW’ M. 

leak conductance (the normal potassium ion conduc- 
tance having been drastically lowered at these volt- 
ages by depolarizing potassium inactivation). An 
extrapolation of this second constant conductance 
line to its intersection of the steady state leak conduc- 
tance gives an estimation of the sodium ion equilib- 
rium potential. 

The most striking effect of the Soman treatment, 
as revealed by the voltage clamp studies, was an 
apparent increase in membrane resistance accom- 
panying the rapid depolarization event. We noted a 
similarity of this membrane resistance increase to the 
resistance increase which has been observed after acti- 
vation of the electroplaque synaptic membrane by 
carbamylcholine.* Therefore, it was of interest to 
determine whether the effects of Soman could be 
modified by a ligand which binds to the AChR. Such 
a compound is dimethyl &tubocurarine, an inhibitor 

* D. A. Farquharson, manuscript in preparation. 

of AChR activation, a muscle relaxant, and a com- 
pound well characterized chemically, especially in 
view of recent advances in our understanding of the 
structure of d-tubocurarine [26]. 

Chemical lnodj~~u~~oi~ of Soman’s t$jlects. When 
dimethyl ~~-tubocurarine and Soman were applied 
together to an electropiaque, de~larization did not 
occur. This is seen in Fig. 5b. Furthermore, Fig. 5c 
shows that dimethyl d-tubocurarine applied after the 
Soman treatment, but before the occurrence of the 
rapid depolarization, prevented further depolariza- 
tion. Removal of the dimethyl rl-tubocurarine 
resulted, after a delay, in the occurrence of the rapid 
depolarization. We consider it significant that this 
removal of the dimethyl d-tubocurarine did not result 
in an immediate sharp depolarization, but instead this 
occurred after a passage of time almost identical to 
the time required for the rapid depolarization to 
occur with Soman alone. This time delay occurred 
even if the sequence of applications was first Soman, 
then dimethyl ri-tubocurarine and Soman, followed 
by Soman alone (i.e. if Soman was present at all treat- 
ment times). If dimethyl rl-tubocurarine is always 
present (i.e. if dimethyl d-tubocurarine is present 
before, during a 50-min exposure to Soman, and after 
Soman is removed), no depolarization is observed, 
even when the membrane potential is monitored for 
55 min after the Soman was removed. Note that 
although while present dimethyl ~-tubocurarine can 
completely inhibit Soman’s depolarizing ability, 
dimethyl ~~-tubocurarine cannot repolarize the mem- 
brane once the Soman-induced depolarization has 
taken place. This is shown in Fig. 5a. 

Finally, it should be noted that, after the appli- 
cation of dimethyl d-tubocurarine and Soman, the 
presence of Soman was not necessary for the sharp 
depolarization to occur (Fig. 5~). That is, it appeared 
that although dimethyl ti-tubocurarine was able to 
prevent the effects on the membrane of a prior appli- 
cation of Soman. the effects of the original Soman 
applicatiol~ were realized once the dimethyl d-tubo- 
curarine was removed. 

DISCUSSION 

The reactivation of organophosphate-inhibited 
AChE as a major (if not the sole) explanation for 
the decline in the sensitivity of the organophosphate- 
treated electroplaque to ACh has been confirmed by 
the use of Soman. Whether new AChE is synthesized 
or not [Z] ndw appears more than ever to be a moot 
point. The role of the Soman as an irreversible AChE 
inhibitor in this particular explication is specifically 
related to the aging process [I]. In this, t,2,2-trimethyl- 
propyl methylphosphonyl enzyme degrades to methyl- 
phosphonyl enzyme (a form which for all practical 
purposes represents irreversibly inhibited AChE) at 
an immeasurably greater rate than the corresponding 
reaction whereby DFP would yield monoisopropyl- 
phosphoryl enzyme. 

Treatment of the electroplaque cells with organo- 
phosphate AChE inhibitors at concentrations which 
are orders of magnitude greater than would cause 
essentially complete inhibition of AChE in solution 
leaves a substantial proportion of the measurable 
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AChE activity uninhibited. It is probable that a whole 
complex of factors is involved in this, among them 
the time-dependent nature of the inhibition reaction 
[27], the variety of ACh-hydrolyzing enzymes in- 
volved [17]. the differential solubilities of inhibitors 
and substrate in different parts of the cellular sub- 
structure [7,2X] and. for Paraoxon and DFP at least, 
the simultaneous reactions of inhibition and reactiva- 
tion. It may be seen that Soman treatment of intact 
clectroplaqucs resulted in a slightly greater inhibition 
of measurable cholinesterase activity and. even more 
significantly. this inhibition continued to increase 
after the removal of the Soman-containing bathing 
medium. This is probably due to a retention of un- 
reacted Soman in the cellular substructure. especially 
in the lipid portions of the plasma membrane. 

The undiminished ability of ACh to depolarize the 
Soman-treated electroplaque is the consequence of 
this irreversible inhibition of the AChE. The steady 
decrease in the resting potential of the Soman-treated 
cell is an effect which, while ditrerent from many of 
those listed in the beginning of this paper, is similar 
to them in that it does not appear to be attributable 
exclusively to the ability of Soman to inhibit AChE. 
Nevertheless. the opinion has been advanced that 
prolonged exposure to AChE inhibitors may, finally, 
have secondary irreversible effects on function [29]. 
Now. to some degree. the ambiguity resulting from 
the parallel between AChE activity and membrane 
function has been reduced. The use of the voltage 
clamp shows that Soman causes an apparent increase 
in membrane resistance which follows the large 
(40 50 mV) depolarization, and we note that certain 
aspects of the current voltage relationships during 
Soman treatment r-csemble those seen during carba- 
mqlcholinc treatment.” Finally. the competition 
between Soman and the receptor ligand dimethyl 
d-tubocurarine shows that. in addition to Soman’s in- 
hibition of ACM. it also interacts with the AChR 
in an irrebersiblc manner. Whether the irreversibility 
is due to an “aging” reaction is an open question. 
Evidence for the interaction of DFP with the AChR 
has been reported preciously [X] and while the possi- 
bility of di-isopropylphosphoryl-AChR aging was not 
raised at that time. judging from the interaction of 
DFP with AChE. it might-be speculated that such 
a reaction would bc slow. The receptor-blocking 
action of DFP appears to be reversible and probably 
competitive in nature [Xl. Organophosphate com- 
pounds, known inhibitors of AChE (DFP. Tetram 
and two others), have been found to block the binding 
of labeled nicotine and decamethonium to macro- 
molecules thought to be AChR proteins [30]. This 
interaction of purified AChR and organophosphate 
compounds also wax reversible. These observations 
indicate that Soman and DFP differ in their actions 
on the AChR in at least two aspects: the reversibility 
of the efTect and the quality of the effect itself. 

The cause of the resistance increase which accom- 
panics the Soman-induced rapid depolarization is not 
known. For carbamylcholine-induced depolarizations, 
the resistance increase follows an initial resistance de- 
crease. The resistance increase induced by carbamyl- 

* D. A. Farquharhon. manuscript in preparation. 

choline is probably due in part to an inactivation 
of the AChR. This inactivation is the desensitization 
phenomenon. For the Soman-induced and carbamyl- 
choline-induced depolarizations. there arc factors 
affecting the resistance in addition to this desensitiza- 
tion process which can result in a final membrane 
resistance that is greater than it was before exposure 
to these drugs. For instance, in Fig. 4a the cord con- 
ductance of the resting cell decreased from IX0 
mmho/cm’ to a slope conductance of I I4 mmho;cm’ 
over the same voltage range. In the present study. 
no resistance decrease has been observed accompany- 
ing the Soman-induced depolarization. This would 
have been difficult because the exact time at which 
the rapid depolarization did occur after exposure to 
Soman was difficult to gauge. However, it is assumed 
that a brief resistance decrease does occur and that 
the immediate result of this resistance decrease is the 
Soman-induced rapid depolarization. Recent work in 
this laboratory has confirmed that Soman produces 
a discrete increase and decrease in membrane resist- 
ance relative to the normal membrane resistance.* 

The initial slow depolarization caused by Soman 
and the effects of dimethyl tl-tubocurarine on this are 
less clear, but they also seem to fit into the framework 
of Soman effects not directly related to AChE inhibi- 
tion. On the one hand. we have not seen clear-cut 
changes in the ionic conductanccs accompanying this 
initial slow depolarization phase. as with the later 
sharp phase. For example. no consistent or significant 
changes occurred in the ionic conductance com- 
ponents or their respective reversal potentials. On the 
other hand, dimethyl tl-tubocurarine again blocked 
this slow depolarization even in the presence of 
Soman. The recommencement of the slow depolariza- 
tion phase after removal of the dimethyl tl-tubocurar- 
ine, now even in the absence of re-added Soman. sug- 
gests either, as already mentioned. that unreacted 
Soman has been retained in the lipid regions of the 
excitable membrane or that irreversible reactions had 
already occurred. the final effects of which were forc- 
stalled by the dimethyl &tubocurarine. but wcrc not 
reversed. Whether this initial slow depolarization is 
due to a reaction of Soman with AChR is not clear. 
nor is it clarified by the competition with dimethyl 
&tubocurarine since that diquaternary compound 
binds with many components of electric tissue 1311. 

In conclusion. prebious stud& have expanded the 
spectrum of organophosphatc’s specific interactions at 
the neuromuscular junction to include a direct inhibi- 
tory action on the AChR [X]. Here we report the 
first instance of an organophosphatc being able to 
clearly activate an excitable mcmbranc. This acti- 
vation is apparently mediated through or at least is 
in conjunction with the AChR, since dimethyl tl-tubo- 
curarine can effectively block the activation. Since 
structurally similar organophosphorus cholinesterase 
inhibitors. such as DFP and Paraoxon. hake no such 
activating ability on the inncrvatcd mcmbranc of the 
electroplaque, but do bind to the AC‘hR [.‘(I]. it seems 
reasonable to conclude that the rapid aging ability 
exhibited by Soman may be a prcrcquisitc for organo- 
phosphate-induced AChR activation. The ability of 
Soman to rapidly age in the environment of a similar 
active site (AChE), on the intact electroplaque mem- 
brane. was demonstrated in this report. The apparent 
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irreversibility of applying Soman to the innervated 
membrane also favors the hypothesis that the result- 
ing Soman-induced depolarization is dependent on a 
rapid aging of a Soman-receptor complex. Other 
organophosphates. structurally very similar to 
Soman. such as DFP, act on the purified or irl tiiuo 
AChR reversibly (by blocking binding sites or acti- 
vation) [8,30]. With these facts in mind, it becomes 
interesting to speculate that it is the methyl-phos- 
phonylation of the AChR by Soman which results 
in its activation. Regardless of such speculation one 
of the important questions remaining concerns how 
the temporal sequence of Soman-induced activation 
(the slow and rapid depolarizations) can be under- 
stood in terms of the accepted model for post-synap- 
tic chemical excitation. 
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