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527-532, 1991.—Dose rates for continuous infusion of pyridostigmine bromide required to inhibit 30% and 60% of normal serum
cholinesterase activity in rhesus monkeys were determined. The effects of continuous pyridostigmine infusion at these dose-rates on
the behavioral toxicity of 5 daily repeated low-dose exposures to a toxic organophosphate (soman) were determined not to be dele-
terious; in fact, they were slightly (and variably) protective. Relative to controls (5-day soman EDy, =0.89 pg/kg/day), pyridostig-
mine infusions producing 30% and 60% inhibition produced 5-day EDgys of 1.25 and 1.11 pwg/kg/day, respectively. Variability in
response to the pyridostigmine-soman combinations appeared to be greater than in response to daily soman exposure without pyri-
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PRETREATMENT with the quaternary carbamate pyridostigmine
bromide (PYR) has been shown to provide protection against the
deadly effects of the nerve agent soman (pinacolyl methyl-
phosphonofluoridate) in a number of species (1, 17, 18, 23, 24,
30), including primates (8,21). Military personnel under the threat
of chemical attack are expected to undertake a pretreatment regi-
men consisting of 90 mg/day of PYR divided into 3 equal oral
doses. PYR tablets appropriate for such pretreatment have been
fielded in Europe for use by NATO troops. The effect of this
pretreatment is to reversibly bind (carbamylate) 30-40% of the
cholinesterase (ChE), protecting it from permanent inactivation
by the nerve agent. ChE so protected during agent exposure later
becomes available to restore near-normal neuromuscular and au-
tonomic function (13,16).

Numerous experiments in humans and animals have shown
that the prophylactic use of PYR is safe, since it produces only
relatively minor side-effects (e.g., transient gas, intestinal cramps,

or diarrhea) in only a small fraction of treated subjects. In human
subjects, no deleterious effects on cardiopulmonary functions
(22,29) or on the performance of simulated aircrew tasks (14,29)
resulted from the recommended pretreatment regimen. In animals,
testing over a much larger range of doses showed that perfor-
mance decrements began to develop only at 6-10 times the rec-
ommended pretreatment dosage, when serum ChE inhibition
approaches 90% (5,27).

Previous research has shown that PYR (with atropine therapy)
is safe and efficacious in preventing death following exposure to
high soman doses (8,21). A question that remained was whether
the effects of chronic PYR would interact positively or negatively
with the effects of repeated, low-dose exposure to soman.

Sustained military operations in environments heavily contam-
inated with nerve agents entail a risk of repeated, low-dose expo-
sure of personnel, e.g., during donning/doffing of protective
apparel or through small leaks in protective suits or masks. We
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have previously shown that repeated daily soman exposure (for
up to 5 days) produces performance decrements in monkeys only
after the cumulative dose exceeds twice the acute dosage that
would produce similar decrements (3,7). These results were ob-
tained in the absence of chronic PYR treatment. The experiments
reported here extend the previous studies by determining whether
chronic PYR modifies the effects of repeated daily low-dose so-
man exposure on primate performance.

Preliminary studies in rodents have shown that the chronic
ChE inhibition induced by continuous infusion of PYR has little
effect on performance capabilities or on the lethality of repeated
soman exposure (20). However, since the rodent model is com-
plicated by the presence of a high level of blood carboxylesterase
that drastically reduces (relative to primates) its sensitivity to or-
ganophosphates (26), there was no assurance that similar results
would be obtained in primates.

In order to provide a better model of the PYR-soman interac-
tion effects that might occur in humans, these interactions were
studied in a laboratory primate, the rhesus macaque. The effects
of chronic PYR on the inhibition of serum ChE were investigated
in Experiment I. Interactions between chronic PYR exposure and
daily repeated soman exposure in their effects on the performance
of the Primate Equilibrium Platform (PEP) task by well trained
rhesus monkeys were examined in Experiment II. Based on the
results of Experiment I, we selected two PYR dose-rates for use
in Experiment II that were estimated to produce 30% or 60% in-
hibition of serum ChE activity. ChE inhibition of 30% was cho-
sen because this level is near the lower end of the target range for
prophylactic efficacy. If chronic ChE inhibition at this level were
found to increase significantly the risk of performance decrements
due to long-term low-dose (LTLD) soman exposure, it would pose
a problem for military planners. On the other hand, if no signifi-
cant detrimental effects were found at chronic inhibition levels of
60%, planners could be confident that such effects in humans are
unlikely.

The PEP task was chosen for these studies for two reasons:
first, it has been shown to be quite sensitive to the effects of
nerve agents and other cholinergic agents; and, second, it models
aspects of sensorimotor tasks of interest to military planners, e.g.,
maintaining the stability of a weapons platform in spite of unpre-
dictable external perturbations, or tracking a moving target with
a gun-sight. Previous work (2, 4-7) has shown that reliable and
graded performance effects of soman can be demonstrated at doses
so low (e.g., 0.3-0.4-EDy,) that no overt signs of toxicity are
apparent. Using other behavioral tasks, other studies have gener-
ally found that the EDs, for performance effects is closer to the
LDs, (15, 17, 23, 27, 30). For example, baboons performing a
more cognitive task (match-to-sample) did not display reliable
performance decrements until the soman dose closely approached
the estimated LD, for that species and produced clear symptoms
of toxicity (15). For the purposes of the present experiments, a
task that provides information about behavioral toxicity with lit-
tle or no risk to the subjects was considered preferable.

GENERAL METHOD
Behavioral Testing

The PEP task (12) is a continuous compensatory tracking task.
The monkey is seated in a chair that rotates about his center of
mass. Rotation about the pitch axis is driven by a filtered random
noise signal. The monkey’s task is to manipulate a joystick con-
trol to compensate for the unpredictable perturbations in pitch in-
duced by the noise signal. Performance is motivated by a mild
electric shock delivered to the subject’s tail whenever the chair
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platform position deviates from the horizontal by more than 15°.
The variability of platform position indicates the quality of the
performance. The standard deviation (SD) of platform position is
the performance measure. The random noise input, in the absence
of joystick input, produces large variations in platform position
(SD of 12-15°). A weli-trained subject typically reduces this vari-
ation to about 2-4° by the joystick manipulations, thus receiving
almost no tail shocks. Platform position is sampled by computer
at a rate of 10 Hz; SD is computed and stored every 5 min. Sub-
jects performed the PEP task for 2 h on each testing day.

Subjects

The subjects (Ss) were 24 adult male rhesus monkeys
(Macaca mulatta), ranging in weight from 4.5-8 kg. All Ss had
been performing the PEP task on a regular basis (at least weekly)
for a minimum of 6 months. None of the Ss had a prior history
of exposure to soman or PYR. Routine care of the animals was
provided by the Veterinary Sciences Division, USAF School of
Aerospace Medicine (USAFSAM).

Criterion for Performance Decrement

To provide a criterion for a soman-induced performance dec-
rement, baseline runs were used to define the range of ‘‘normal’’
performance by the Lieberman and Miller method of simultaneous
tolerance limits (25). This method consists of fitting a line to the
baseline performances (5 sets of 24 SDs for 5-min sampling pe-
riods) by the method of least squares. Simultaneous tolerance
limits (p=0.99, a=0.01) around this line are based on the resid-
ual variation about the fitted line. Within a soman test session,
our criterion for a performance decrement was met whenever at
least 2 of the data points collected after drug injection exceeded
the upper tolerance limits derived from baseline runs for the same
S. This is a conservative criterion, since the occurrence of one
data point in excess of the tolerance limit would meet the usual
statistical criterion for null hypothesis rejection. In studies involv-
ing so few subjects, however, an occasional ‘false alarm’ could
add unacceptably to the variability of the results. The use of a
more conservative criterion provides more confidence that the
performance decrement observed in a single subject after a single
exposure is ‘real’ and unequivocal. While this may lead to a slight
overestimation of the ED,, it does not affect the comparisons of
EDs,s measured for different treatment conditions. Five baseline
tests performed during the week preceding soman exposure were
used to derive the tolerance limits for each S.

Determination of Median Effective Dose of Soman

The up-and-down method (10) was used to minimize the num-
ber of soman exposures required for a reliable estimate of EDs,.
This method concentrates measurements in the dosage range of
interest by using the response of each S to determine the dosage
for the next S. An initial dosage and a logarithmic dosage step
size are selected before the experiment. After each soman test
session, the $’s performance is compared to the criterion for a
soman-induced performance decrement. If the S’s performance
meets the criterion, the next S receives a dosage one step lower;
if not, the dosage for the next S is one step higher. If the initial
choices of dosage and step size are appropriate (i.e., if the initial
dosage is within a few steps of the EDs,, and the step size ap-
proximates the standard deviation of the underlying distribution
of effects) this up-and-down method yields an adequate estimate
of EDs, with as few as 6-10 tests. The significance of differences
between EDs, estimates can be tested using ¢-tests (10). The ini-
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tial dose in this experiment was 1.00 wg/kg/day, approximately
the EDs, for 5-day repeated soman determined in a previous ex-
periment (7). Dosage step size was 0.05 log,, units.

Chronic PYR Infusion

Alzet® osmotic pumps (Alza Corp., Palo Alto, CA, Model
2ML1, 10 pi/h, 7 day) were implanted subcutaneously to provide
constant-rate infusion of PYR in both experiments. After a surgi-
cal level of anesthesia was achieved with a short-acting barbitu-
rate, a small (6-8 mm) skin incision was made under aseptic
conditions near the dorsal midline, between the scapulae. Blunt
dissection was used to open a subcutaneous pocket to accommo-
date the pump, which was inserted, delivery orifice first, at body
temperature (19). The incision was then closed with interrupted
sutures.

Cholinesterase Assays

Venous blood samples (about 2 ml) were drawn from a con-
venient leg vein. A modification of the colorimetric method of
Ellman et al. (11) was used to measure serum ChE activity.

EXPERIMENT 1. EFFECTS OF CONSTANT RATE
PYR INFUSION ON SERUM ChE ACTIVITY

Experimental Design

Eighteen PEP-trained male rhesus monkeys (4.5-8 kg) were
assigned randomly to 3 groups of 6. The Ss in these 3 groups
were implanted with osmotic pumps that delivered PYR at rates
of 0.25, 0.50, or 1.0 mg/kg/day. We expected that this range of
delivery rates would produce chronic inhibition of serum ChE
activity ranging from about 20% to about 60%.

Procedures

Six animals (2 from each dose-rate group) were implanted on
each of 3 successive Fridays. Several baseline venous blood sam-
ples were drawn during the week preceding implantation. Addi-
tional blood samples were taken daily on days 3-7 after implanta-
tion. PEP performance was tested on Days 3, 5, and 7 after im-
plantation.

RESULTS

None of the Ss in Experiment I met our criterion for a PEP
performance decrement during chronic PYR infusion, so the per-
formance data were not analyzed further.

Postimplantation ChE activity measures for serum were con-
verted to % inhibition (%]I) scores for each S. A repeated mea-
sures analysis of variance (ANOVA) was performed, with dose-
rate (between Ss), postimplantation time (within Ss), and Ss (nested
within dose-rates) as factors (28).

The 3 dose-rates produced significant (p<<0.0001) variation in
serum ChE inhibition, as shown in Fig. 1. Linear interpolation
and extrapolation, using the line connecting the means for the two
highest dose-rates, yielded dose-rates of 0.52 and 1.35 mg/kg/day
for use in Experiment II to produce serum ChE inhibitions of 30
and 60%, respectively.

The ANOVA also indicated significant (p<<0.05) variation in
mean ChE inhibition over days. A nonsignificant dose-rate X
days interaction (p>0.35) indicated that the day effect was inde-
pendent of dose-rate. A post hoc test [Bonferroni (28)] on the
differences among days showed that the highest observed mean
inhibition (on day 4) differed from the lowest mean inthibition (on
day 6). No other differences among days were significant. An
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FIG. 1. Inhibition of serum ChE activity produced by continuous PYR
infusion at varying dose-rates. Each point is the mean of 30 observations
(6 animals X 5 days).

examination of the raw data showed that unusually low inhibition
values for day 6 occurred only in the first group of 6 animals im-
planted. Of these 6 animals, 4 had their lowest inhibition values
on day 6. The third group of implanted animals showed unusu-
ally high inhibition values on day 4, with 5 of the 6 animals
showing their highest values on that day. The unusual results on
day 6 of week 1 and day 4 of week 3 may have resulted from ar-
tifacts in the assay procedures. However, since the aberrant re-
sults were independent of dose-rate and in opposite directions,
they would introduce, at most, a very small bias in the dose-rate
means used to determine the PYR dose-rates for Experiment II.

EXPERIMENT II. EFFECTS OF CHRONIC PYR-INDUCED ChE
INHIBITION ON DAILY REPEATED SOMAN EDs, FOR
PEP PERFORMANCE DECREMENTS

Experimental Design

The up-and-down method was used to estimate the soman
ED, for PEP performance decrements induced on or before the
5th day of exposure to a constant daily dose of soman under each
of 3 PYR infusion conditions: 1) Control —implanted with pumps
containing only vehicle (1 M acetic acid buffered to a pH of 5.0
with sodium hydroxide); 2) PYR30—implanted with pumps con-
taining sufficient PYR (0.52 mg/kg/day) to inhibit 30% of serum
ChE activity; or 3) PYR60—implanted with pumps containing
sufficient PYR (1.35 mg/kg/day) to inhibit 60% of serum ChE
activity.

Each of the 3 groups included 6 Ss from Experiment I (2 from
each group) plus 2 additional randomly selected PEP-trained ani-
mals. Within each group of 8 animals, order of testing was ran-
domly determined. To avoid possible carryover effects of chronic
ChE inhibition, pumps were not implanted in Experiment II until
at least 6 weeks after pumps from Experiment I were removed.
We had previously demonstrated that no carryover effects occur
between acute soman injections spaced at 6-week intervals (4).
Since these soman injections produced larger and longer-lasting
depressions of ChE activity than the PYR exposures in Experi-
ment I, carryover effects in Experiment II were unlikely to occur.
However, as an additional precaution, the groups in Experiment
I were balanced with respect to the PYR dose-rates received in
Experiment 1.

Pumps were implanted in one member of each PYR group on
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Fridays. Daily soman exposures began the following Monday,
and continued through the following Friday. Soman, diluted to 10
pg/ml with distilled water, was intramuscularly injected into the
large muscles of the upper leg. Venous blood samples (2 ml)
were taken 30 min before and 90 min after each soman dose. The
first S in each group received a soman dosage of 1.00 p.g/kg/day,
approximately the EDs, for performance decrements on or before
the 5th daily exposure determined in a previous experiment (3).
The ratio step between soman dosages was 0.05 log,, units, or
12.20%. According to the up-and-down method, the dosage for
each § after the first in each group was one step below or above
the dosage received by the preceding animal, depending on whether
the preceding animal did or did not meet the criterion for a per-
formance decrement.

RESULTS

The outcomes of the 3 up-and-down testing sequences are
shown in Fig. 2. When the pump contained only vehicle (PYR-
0), the daily soman dose estimated to produce a performance dec-
rement by the 5th daily exposure in 50% of subjects (EDs)
was 0.891 pg/kg/day [95% confidence interval (CI):
0.834=EDs,=0.952]. With continuous pyridostigmine infusion
at a rate of 0.52 mg/kg/day (PYR-30), the daily soman EDg,
increased, f.,=4.28, p<0.00!, to 1.254 ng/kg/day (CI:
0.931=ED,=1.689). With continuous pyridostigmine infusion
at a rate of 1.35 mg/kg/day (PYR-60), the daily soman EDg, in-
creased, t,,=2.74, p<0.01, relative to PYR-0, to 1.11 pg/kg/day
(CI: 0.809=ED,,=1.521). Both rates of pyridostigmine infusion
increased the soman EDs, relative to the control condition; how-
ever, the EDs, values for the 2 infusion rates did not differ sig-
nificantly, ¢, =1.54, p>0.10. Therefore, chronic pyridostigmine
infusion in this range of dose-rates confers statistically significant
(»<0.01) protection against the deleterious effects on PEP perfor-
mance of daily exposure to low-dose soman. The extent of this
protection is, however, small and variable. The protective ratios,
i.e., the ratios of treated EDsq to untreated EDy, were only 1.41
for PYR-30 and 1.24 for PYR-60. The variability of this protec-
tive effect is indicated by the larger confidence intervals (Fig. 2)
associated with the PYR-infusion conditions, and by the broad
range of soman dosages in which PYR-treated animals may or
may not show soman-induced performance decrements. In the 2
up-and-down tests with PYR-treated animals, performance decre-
ments resulted from soman dosages ranging from 1.00 to 1.41
pg/kg/day, while soman dosages ranging from 0.89 to 1.41 g/
kg/day failed to produce performance decrements in some sub-
jects. By contrast, in 2 up-and-down tests without pyridostigmine
infusion [one of which was performed earlier (3) with results very
similar to the PYR-0 series], soman-induced performance decre-
ments appeared at soman dosages ranging only from 0.91 to 1.06
pg/kg/day. The range of soman dosages that failed to produce
decrements in these tests was only from 0.79 to 0.98 pg/kg/day.
Pyridostigmine infusion thus appears not only to increase (on av-
erage) the tolerable level of daily soman exposure; it also appears
to increase the variability of response to such exposures. Based
on these data, the variability increase induced by the PYR-30
treatment is estimated to be about 3-fold. The increase in variabil-
ity associated with the PYR-60 treatment is even larger, 4- to
5-fold (9). No statistical tests for the significance of such changes
in variability have been developed (9), so these observations must
be taken as suggestive. Despite the fact that the protective effects
of chronic pyridostigmine are small and variable, it is clear that
chronic pyridostigmine, at the dose-rates tested, does not exacer-
bate the effects on performance of LTLD soman exposure.

Mean levels of serum ChE inhibition before and after each
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FIG. 2. Up-and-down soman-effects tests for the 3 groups implanted with
osmotic pumps. Subjects that met the criterion for a soman-induced per-
formance decrement on or before the Sth exposure day indicated by .
EDy, and the associated 95% confidence interval is indicated at the end
of each series.
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daily soman exposure for the PYR-0, PYR-30 and PYR-60 Ss are
shown in Fig. 3. Although the average soman dosages for the 3
groups differ (geometric means=0.917, 1.122, and 1.059, re-
spectively), the up-and-down method approximately equates the
groups in terms of the performance effects of soman. The mean
%1 values before the first soman dose and 90 min after the final
soman dose were:

Group Before 1st Soman Dose After Sth Soman Dose
PYR-0 6.2 74.9
PYR-30 26.6 71.7
PYR-60 59.1 81.3
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FIG. 3. Inhibition of serum ChE activity induced by 5 daily soman expo-
sures plus continuous PYR infusion.

The presoman values show that, within normal variability, the
pump dose-rates selected produced inhibition at the target values.
The cumulative effects of 5 daily soman exposures on serum ChE
nearly overwhelm the effects of chronic PYR, so that final %I
values are quite similar,

DISCUSSION
These experiments addressed the question of whether PYR
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pretreatment should be continued during actual or threatened
LTLD soman exposure. If chronic ChE inhibition due to PYR
increased the toxicity of such soman exposure, a recommendation
to discontinue PYR in personnel working in soman-contaminated
environments might be appropriate. On the other hand, if PYR
either did not change or reduced the toxicity of LTLD soman ex-
posure, then PYR should be continued, given its proven efficacy
against the lethal effects of high-dose exposure. Based on the
PEP performance results in monkeys, chronic PYR effects may
range from little or no protection against LTLD soman-induced
performance decrements to an increase of 40% in tolerable daily
exposure. Therefore, PYR pretreatment should be continued dur-
ing threatened or actual LTLD soman exposure.

Studies of the interaction between chronic PYR and LTLD
soman effects on lethality in rats have also supported this conclu-
sion (20). In agreement with studies in humans (22,29), we found
that chronic PYR exposure alone does not produce dose-related
changes in performance, even at doses higher than those recom-
mended for pretreatment under the threat of nerve gas exposure.
At most, chronic PYR exposure at recommended doses produces
mild and tolerable symptoms of peripheral ChE inhibition.

We have previously demonstrated (2) that PYR pretreatment
has a reliable but operationally insignificant protective effect
against PEP performance decrements induced by single, acute so-
man exposures. Since PYR poorly penetrates the biood-brain bar-
rier, while soman-induced performance decrements are probably
due to changes in brain function, the limited protection provided
by PYR against performance decrements is not surprising. To
protect performance against low-dose soman exposure, pretreat-
ment drugs that penetrate the blood-brain barrier may be required.
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