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LOW-LEVEL SARIN (GB) VAPOR EXPOSURE IN THE GOTTINGEN MINIPIG:
EFFECT OF EXPOSURE CONCENTRATION AND DURATION ON PUPIL SIZE

. INTRODUCTION

The primary objective of the current research study is to thoroughly understand
the dose/response relationship of traditional chemical warfare (CW) nerve agents. Constriction
of the pupil (miosis) is often the first noticeable effect of exposure to vapor on humans, thereby
making it an ideal biological endpoint for determining and modeling threshold dose/response
relationships. Pupil constriction is thought to be a local effect caused by direct contact between a
nerve agent and the eye. High levels of cholinesterase (ChE) activity have been documented in
the extraocular muscles, retina, eyeball retractor muscles, and iris.' Nerve agent vapors can
rapidly transverse the conjunctiva and inhibit local ChE, resulting in the stimulation of
muscarinic receptors at the sphincter muscles of the iris and the ciliary muscle of the lens. This
stimulation can cause pupil constriction and problems with accommodation. The inability of the
pupil to dilate can also result in the loss of dark adaptation.” Given that military operations are
often conducted at night, threshold levels for nerve agent intoxication in dim-light situations
need to be determined.

In order to gauge the biological impact of nerve agent vapor exposure on the eye,
the probability of eye responses to appropriate exposure parameters have to be quantitatively
related. Traditionally, inhalation and ocular toxicology has used dosage (expressed by the
product of exposure concentration (C) and exposure-duration (T)) as a metric of toxicant
exposure.’ The range of dosages associated with physiological effects is best described by a
normal distribution of log (effective dosages). Toxicologists commonly characterized this
distribution by using two parameters: the median effective dose, ECTs (the dosage at which
50% of the exposed individuals will exhibit a specified biological response), and the probit slope,
m (which equals the inverse of the standard deviation, ). Though the normal distribution is
continuous, quantal data (response versus no response) are used to estimate the parameters
(ECTso and m) of effective dosage distribution via maximum likelihood estimation (MLE).*

Historically, the time dependence of CW agent toxicity has been modeled using
Haber’s Law, which assumes that ECTsg is constant with respect to the value of exposure-
duration.” However, this concept has been found to be inadequate for assessing biological
effects from exposure to many acutely toxic gases and aerosols.® Recent efforts have resulted in
data with low vapor concentration exposures over long periods, which can best be described with
a toxic-load model.*” In the toxic-load model, dosage is not used to quantify the amount of toxic
material received. Instead, a new term, toxic load (TL), has been developed and extensively
used, with TL equaling C"T being a typical form.® The TL exponent, n, is toxicant and exposure
scenario dependent. For the TL model, the median effective TL (ETLs,) is assumed to equal a
constant. The median effective dosage (ECTs) no longer remains constant but is dependent on
T. The differences between the models are illustrated in Figure 1.

Previously, Mioduszewski et al. found that instead of Haber’s Law, the TL model
better approximated the occurrence of miosis from GB vapor exposure in rats.” However, rodents
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are known to have a greater resistance than other mammals to poisoning from CW nerve agents
due to the organophosphate scavenging properties of carboxylesterases in their plasma and
organs.g'12 Thus, to develop a human miosis model, additional data from a non-rodent species
are needed. Pigs are in many ways similar in anatomy and physiology to humans."” This study
estimates effective (miosis) concentrations of the nerve agent, sarin (GB), as a function of
exposure-duration in the Gottingen minipig and determines the dependency of the median
effective dosage (ECTsg) over time.

2. MATERIALS AND METHODS

2.1 Gottingen Minipigs.

Forty (20 of each gender) sexually mature male (3 to 4 months old) and female (4
to 5 months old) Gottingen minipigs (Sus scrofa) were obtained from Marshall BioResources
USA (North Rose, NY). The pigs were shipped to the testing facility in batches of 10. Each
batch contained pigs of a single gender. Testing of each batch was completed before the arrival
of the next batch; male and female pigs were never present at the facility concurrently.

Upon arrival at the testing facility, the minipigs underwent an initial health
examination by the attending veterinary staff. The pigs were then quarantined for a minimum of
3 days, after which time, the research personnel familiarized the pigs to testing procedures such
as constant handling by personnel, location changes within the facility, and adaptation to a sling
apparatus. While the pigs were in their cages, they were given unfettered access to play toys
(hanging chains, bunny balls) and food treats.

2.2 Surgical Procedure.

Silicone catheters (Bard access systems, 6.6 or 9.6 Fr.) were implanted in the
minipigs to facilitate the draw of blood samples. Each surgical site on a minipig (lateral neck
from mandible to shoulder and mid dorsally between the shoulder blades) was prepared for
aseptic surgery by close-clipping the area and applying a surgical scrub, chlorhexidine, followed
by an application of isopropyl alcohol. The area was then covered with sterile drapes and the
minipig was positioned for surgery on a heated surgical table.

Throughout the surgical procedure, an Electrocardiogram, a temperature probe, a
pulse oximeter, and a respirator were used to monitor the minipig. A catheter, impregnated with
heparin and antimicrobial agent, was implanted in an external jugular vein of the minipig and
advanced to the level of the anterior vena cava or right atrium. A subcutaneous tunnel, extending
from the surgical site (adjacent the jugular vein) to the exit site in the dorsal midline, was created
with a hollow stainless-steel rod. The catheter was filled with sterile heparin saline (1/100),
grasped, and pulled through the dorsum to the ventral neck incision with at least 6 in. exposed
above the surgical site. The position of the catheter was adjusted so that blood samples could be
readily obtained. The catheter was secured by tying sutures (minimum 2) around the vein. A
catheter loop leading from the vein was also secured to the subcutaneous tissues using sutures.
Once the catheter was appropriately adjusted, it was secured at the dorsal exit site and the
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incisions were closed. The catheter was locked with 1/100 sterile heparin saline. Triple
antibiotic ointment was placed on both incisions.

The minipigs were given at least 3 days to recover from the surgery. To minimize
the risk of infection, the vascular access port of each indwelling catheter was flushed with
heparinized saline and each minipig was given analgesics (buprenorphine 0.01 - 0.05mg/kg, BD)
for at least 24 hr, postoperatively.

2.3 Blood Sample Collection.

After the 3-day recovery period, the minipigs were exposed to the GB nerve agent
vapor. During the agent exposures, the indwelling catheter was maintained by a continuous
intravenous infusion of lactated Ringers solution. Blood samples to assess cholinesterase
inhibition'? and internal agent levels via GB regeneration assays'> were taken from the minipigs
prior to the start of an exposure and at periodic intervals throughout. The samples were taken
approximately every 2 min during the 10-min exposure, every 15 min during the 60-min
exposure and every 20 min during the 180-min exposure. The total volume of blood drawn did
not exceed 1% of the body weight of a minipig over a 1-week span. An equivalent volume of
Lactated Ringers replaced drawn sample volumes.

24 Inhalation Chamber.

Whole-body exposures of the minipigs to the GB nerve agent vapor were
conducted in a 1000-liter dynamic airflow inhalation chamber. The 6-sided, Rochester style
chamber was constructed of stainless steel with Plexiglas windows on each side. The chamber
interior was maintained under negative pressure (0.50" H,O), which was monitored with a
calibrated magnehelix (Dwyer, Michigan City, IN). A thermoanemometer (Model 8565, Alnor,
Skokie, IL) was used to monitor airflow at the chamber outlet.

The chamber GB vapor concentration was monitored and analyzed by 2 sampling
methods. The first method was a quantitative technique using solid sorbent tubes
(Tenax/Haysep) to trap the GB vapor. The GB was then thermally desorbed and a GC analysis
performed (HP Model 6890, Agilent Technology, Baltimore, MD). The second method was a
continuous monitoring technique using a phosphorus monitor (HYFED, Model PA260 or
PH262, Columbia Scientific, Austin, Texas). Output from the HYFED provided a continuous
strip chart record of the rise, equilibrium, and decay of the chamber vapor concentration during
an exposure.

After the chamber attained an equilibrium of tys (99% of the target concentration
for the run), solid sorbent tube samples were drawn every 10 min from the middle of the
chamber. Each sample draw lasted 1 to 5 min depending upon chamber concentration and
exposure-duration. In general, lower GB concentrations required longer sample draw times (5
min) and higher GB concentrations required shorter sample draw times (1 min). All sample flow
rates for the solid sorbent tube systems were controlled with calibrated mass flow controllers
(Matheson Gas Products, Montgomeryville, PA). The flow rates were verified before and after
sampling by temporarily connecting a calibrated flow meter (DryCal®, Bios International,
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Pompton Plains, NJ) in-line to the sample stream. The HYFED was used to monitor an entire
run. Physical parameters (chamber airflow, chamber room temperature, and relative humidity)
were monitored during the exposure and recorded approximately every 10 min.

2.5 Solid Sorbent Tube System.

The automated solid sorbent tube sampling system consisted of 4 parts:

(1) A heated sample transfer line

(2) A heated external switching valve
(3) A thermal desorption unit

(4) A gas chromatograph.

A stainless steel sample line (1/16" o.d. x 0.004" i.d. x 6' length) extended from
the middle of the chamber to an external sample valve. The sample line was commercially
treated with a silica coating (Silicasteel® Restek, Bellefonte, PA) and covered with a heated
(60 °C) sample transfer line (CMS, Birmingham, AL). Nerve agent absorption onto sample
surfaces was minimized by the combination of the coating and the 60 °C temperature of the
transfer line.

From the transfer line, the sample entered a heated (125 °C), 6-port gas-switching
valve (UWP, Valco Instruments, Houston, TX). In the by-pass mode, vapor from the chamber
continuously purged through the sample line and out to a charcoal filter. In the sample mode, the
gas sample valve redirected nerve agent vapors from the sample line to a Tenax TA/Haysep
sorbent tube (60 to 80 mesh) located in the thermal desorption unit (ACEM-900, Dynatherm
Analytical Instruments, Kelton, PA). Temperature and flow programming within the Dynatherm
desorbed nerve agents from the sorbent tube directly onto the GC column (RTX-5, 30-m length,
0.32-mm i.d., 1-mm thickness), which resulted in flame photometric detection (FPD -
phosphorus mode).

The solid sorbent tube sampling system was calibrated by the direct injection of
external standards (GB pg/ml) into the heated sample line of the Dynatherm. This way, injected
nerve agent standards were subjected to the same sampling and analysis stream as the chamber
samples. A linear regression fit (r* = 0.999) of the standard data was used to compute the GB
concentration of each chamber sample.

2.6 Chemicals.

Isopropyl methyl phosphonofluoridate (Sarin or GB) was used for all the vapor
exposures conducted in this study. Chemical agent standard analytical reagent material
(CASARM)-grade GB (lot # GB-U-6814-CTF-N (GB2035) was verified (usually 98.3 + 0.48
wt.% pure as determined by quantitative >'P-NMR) and stored in sealed ampoules containing
nitrogen. The ampoule contents were used either as neat agent for vapor generation or as the
basis for the daily preparation of external standards. Triethylphosphate (99.9% purity), obtained
from Aldrich Chemicals, Milwaukee, WI, was used as the internal standard for the GB purity
assays. Analysis for agent impurities was conducted using acid-base titration, Gas
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Chromatography/Mass spectrometry (GC-MS), and |H NMR. Based on mole ratios, acid-base
titration has been proven to show the impurity percentages listed in Table 1. Testing conducted
with GC-MS positively identified DIMP, Diisopropyl phosphonofluoridate, Tributylamine, and
Isopropyl ethylphosphonofluoridate, but did not quantify the amounts. Tributylamine, with a
concentration of < 0.1 wt% of GB, was also confirmed through 1H NMR testing.

2.7 Vapor Generation.

Saturated GB vapor streams were generated by flowing nitrogen carrier gas
through a glass vessel (multi-pass saturator cell) that contained liquid GB. The saturator cell
consisted of a 100-mm long, 25-mm o.d. cylindrical glass tube with two (inlet, outlet) vertical
7-mm o.d. tubes connected at each end. The main body of the saturator cell contained a hollow
ceramic cylinder that functions to increase the contact area between the liquid nerve agent and
the nitrogen. The nitrogen was passed 3 times along the surface of the wetted ceramic cylinder
before it was allowed to exit through the outlet arm of the glass cell. The saturator cell body was
immersed in a constant temperature bath so that a combination of nitrogen flow and temperature
could regulate the amount of nerve agent vapor going into the inhalation chamber.

The entire apparatus was contained within a generator box mounted atop the
inhalation chamber. Typically, the saturator cell was loaded with 2 to 4 ml of liquid nerve agent
(CASARM grade). To maintain the integrity of the liquid nerve agent within the cell, a
continuous low flow rate (1 to 2 ml/min) of the nitrogen was used. This setup was capable of

precisely generating GB vapor over a concentration range of 0.001 to 2.0 mg/m3.

28 Sling Apparatus.

A sling was used to restrain each minipig during the exposure to the GB nerve
agent vapor. The frame of the sling was constructed of airtight stainless steel pipe and
Swagelok™ fittings. The slings were custom designed (Lomir Biomedical, Inc., Malone, NY or
Canvas and Awning supplies, White Marsh, MD) to fit the build and size of the minipigs. The
body of each sling was made of canvas, which contained 4-leg holes so that it could be adjusted
comfortably around a pig. The sling also had two 2 straps that secured over the shoulders and
hips. A muzzle harness was placed over the snout and secured both laterally and ventrally to the
stainless-steel framing in order to prevent a pig from moving its head from side-to-side. A
minipig was held in place by the sling apparatus so that a consistent angle and distance (40 in.)
from the infrared (IR) camera to the eye of the pig was maintained. The harness was fitted so
that it did not interfere with a pig’s ability to breathe.

29 Infrared Camera.

A Sony CCD black and white video camera (model XC-ST50), equipped with 2-
IR 100-candlepower spotlights, was focused on the left pupil of a minipig for the duration of the
nerve agent exposure. The distance between the camera and the eye was standardized at
approximately 40 in. and the images were shot through the external Plexiglas of the exposure
chamber at a consistent angle. Plexiglas does not interfere with the quality of IR images.
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Sequential images of the eye, under dim light conditions, were digitally captured
for the analysis and calculation of the pupil area at a later time. The GB exposures were for 10,
60, or 180 min. However, the minipigs were required to remain in the exposure chambers for an
additional 15 min for out-gassing. The pigs were then removed from the chambers and
additional images were captured for 50 to 60 min to ensure no further decrease in pupil area.

2.10 Infrared Pupillometry.

The basis of IR pupillometry is the entry of light through the pupil, reflection off
the retina and back through the pupil to the camera lens, producing the image of a bright pupil.
The IR method causes no constriction of the pupil and allows pupil area measurements to be
calculated under dim light conditions. The IR method maximizes the pupil area and provides for
measurements in a realistic environment.

Real-time images of the pupils during exposure were captured and saved for
quantifying pupil area off-line (Figure 2). The images were captured, filtered and quantified
using a custom designed software program. During the exposures, the computer program
displayed a live video from the camera and allowed the operator to capture and display images as -
often as needed; the operator also selected and saved certain images for later analysis. The
images were classified according to light intensity on a scale of 256 different densities of gray
(0 = Black, 255 = White). The computer program quickly identified any single density or range
of densities (densities bandwidth) that allowed the separation of bright and dim objects in an
image.

The operator was able to measure and repeat analysis of an image until a true
representation was obtained. The operator was also able to select a density bandwidth and a
pixel in the area to be measured. The program then drew a border around all the pixels within
the gray scale density bandwidth of the selected pixel. For example, if the operator specified a
density bandwidth of plus or minus 12 and had selected a pixel that had a density value of 115
the computer would select pixels with a density value ranging from 103 to 127 outward from the
selected pixel and draw a border around that section (Figure 3). The operator could adjust the
density bandwidth and the selected pixel until a representative border for the object to be
measured had been obtained.

Measurements (such as length, height, and center) were calculated by determining
the video image coordinates of every point on the border of the image. The points with the
highest and lowest X- and Y-axis values (far left, far right, top, and bottom coordinates on the
border) were used to locate the center and determine radii. Y values increase down the Y-axis
because a video screen updates its image from top left to bottom right. In eq 1, (x,y) represent
the coordinates of the points along the X and Y axes of a graph.
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Center (x,y) = Far Left (x,y) + Far Right (x,y) (1

Horizontal Radius = Center (x) — Left (x)

Top Radius = Center (y) — Top (y)
Bottom Radius = Bottom (y) — Center (y)

Elliptical Area = Horizontal Radius x (Top or Bottom) Radius x Pi

Equation 1 enables the calculation of the whole geometric area based on the
measurements of only the visible portion of a pupil and allows the quantification of the area of
pupils partially obstructed by an eyelid as shown in Figure 4.

The coordinates for the pupil in Figure 4 are listed below:

Far Left (17, 50)
Far Right (107, 42)
Top (66, 25)
Bottom (56, 69)

The calculation for the center coordinates is given as

Center (x,y) =(17,50) + (107.,42) = (62,46).
2

The calculation for the Horizontal Radius is given as
Horizontal Radius = 62 — 17 = 45.
The calculation for the Bottom Radius is given as
Bottom Radius = 69 — 46 = 23.
Therefore, the Elliptical Area is calculated as
Elliptical Area =45 x 23 x 3.1416 = 3251.556.
A minipig was classified as testing “positive” for miosis if pupil area were
reduced by 50% at any time during either the GB exposure or the post-exposure observation

period.

2.11 Design and Data Analysis.

To determine the progression of experimental exposure concentrations,
the up-down method'® was used with an assumed probit slope of 10. The binary response used
for executing this method was the presence or absence of miosis. For this study, miosis has been

il



defined as the post-exposure pupil area being 50% or less of the baseline pupil area. The method
of maximum likelihood estimation (MLE)'” was used on the resulting quantal data to calculate
ECTs, (miosis) values (and associated asymptotic 95% confidence intervals) for each of the 6-
gender exposure-duration groups. The MLE calculations were also performed on a pupil
diameter basis. An example of an MLE calculation is presented in Appendix A.

Ordinarily the use of the up-down method does not provide meaningful
information on the slope of the dose/response curve as a function of vapor concentration (also
known as the probit slope). Not enough subjects are norm