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INTRODUCTION

The isolated perfused porcine skin flap (IPPSF) is an in vitro model that has been
utilized for percutaneous absorption studies (Carver et al, 1989) and for the
pharmacokinetic modgling of xenobiotics (Williams et al., 1990; Williams and Riviere,
1989). In addition, the histology and biochemical responses of this model have been
evaluated as markers of viability and cutaneous toxicity (Monteiro-Riviere et al., 1987,
Riviere et al., 1986a; Riviere et al., 1986b; Riviere et al., 1987). Advantages of this system
include: (1) a viable, full-thickness skin preparation, (2) an intact vasculature, (3) a
relatively large surface area for dosing, (4) ease in sample collection and in measurement
and control of experimental parameters, and (5) the lack of systemic immune system
mediation (Riviere and Carver, 1991, Monteiro-Riviere, 1990). Also, this preparation offers
an alternative animal model to many of the classic in vivo models used for cutaneous
toxicity studies. Pig skin has been shown to be morphologically similar to human skin and
has been offered as a good model for the study of cutaneous absorption and toxicity (Meyer
et al., 1978; Monteiro-Riviere, 1986; Monteiro-Riviere and Stromberg, 1985; Montagna and
Yun, 1964; Reifenrath et al., 1984).

Evidence of the use of sulfur mustard (HD) in the Iran-Iraq war (United Nations
Report, 1984) has resulted in a renewed focus on the need for research on the mechanisms
of vesicant injury, as well as for improved protective and therapeutic strategies. A major
concern of this research has been the inability to identify an in vivo or in vitro model that
possesses cutaneous tissue structurally and functionally similar to human skin and that
reproduces the characteristic, grossly vesicated skin lesions that are typical of human
exposure to vesicants. Historically, vesicles or vesicle-like lesions have been produced in a
few animal model systems, including bird skin, frog skin, canine mammary gland skin, rabbit

ear skin, and thermally-burned re-epithelialized guinea pig skin (Renshaw, 1946). More
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recent research has suggested that microvesicles can occur in pigs treated topically with neat
butyl mustard (Westrom, 1987). Another recen. study showed that in vivo cutaneous
exposure of pigs to the vesicants HD and lewisite resulted in microvesicle formation, but
not grossly vesicated lesions (Micheltree et al., 1989). Also, microvesicles have been elicited
in the haired (Marlow et al., 1989; Vogt et al,, 1984) and euthymic hairless guinea pig
(Marlow et al., 1989; Petrali et al., 1989; Wade et al., 1989) aad in the human skin grafted
athymic nude mouse model (Papirmeister et al., 1984a; Papirmeister et al., 1984b) on
exposure to HD and in the human skin grafted athymic nude mouse model after exposure
to vesicant arsenicals (McGown et al.,, 1987). Of in vitro systems, the full-thickness human
skin organ culture model has demonstrated the ability to develop microscopic, epidermal-
dermal separation on exposure to HD (Mol et al., 1989b). However, none of these newer
models have reported the macroscopic blisters that are typical of reports of human exposure
to vesicant compounds (Requena et al., 1988).

Previous studies utilized the IPPSF to biochemically and morphologically assess the
dermatotoxicity of 2-chloroethyl methyl sulfide (CEMS), a monofunctional analogue of the
vesicant, sulfur mustard. In these studies, distinct biochemical, physiologic, and morphologic
changes occurred as a result of topical exposure to this vesicant (King and Monteiro-
Riviere, 1990). These changes included the formation of gross vesicles and bullae in CEMS
treated IPPSF’s. Light microscopy revealed subepidermal vesicle formation above the
basement membrane and extensive basal cell pyknosis in all IPPSF’s treated with CEMS.
No macroscopic or microscopic lesions were noted in the control flaps. Transmission
electron microscopy revealed separation between the lamina lucida and lamina densa of the
basal lamina, with intracellular vacuolization and mitochondrial swelling occurring in the
stratum basale and stratum spinosum cells of IPPSF’s treated with CEMS. These lesions are

similar to those described after human exposure to sulfur mustard. The objective of this
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study was to explore the potential utility of the IPPSF as a model of cutaneous vesication
by evaluation of the effects of XHD and lewisite (XL) on the biochemical viability, vascular
response, and morphology of the IPPSF. The studies conducted in the initial phase of this
contract (Technical Objective 1) were performed to characterize the cutaneous toxicity of
lewisite and sulfur mustard on the IPPSF. The biological indices utilized to assess vesication
were based on the earlier results obtained with CEMS and other .utaneous toxicants.
These include cumulative glucose utilization, glucose/lactate ratio, lactate dehydrogenase
(LDH) production, and changes in vascular resistance and morphology using light and
transmission electron microscopy. The results presented in this report are those of a dose-

response study for both vesicants using these parameters as the response.




MATERIALS AND METHODS

Weanling, female, Yorkshire pigs were purchased commercially and acclimated for
at least 1 week prior to surgery. They were housed in a temperature (72°C) and light-dark-
cycle (12:12 hour) controlled facility with elevated pen floors. Water was provided ad
libitum, and the animals were fed 15% protein pig and sow pellets (Wayne Feeds Division,
Chicago, IL) daily.

Anesthetic induction was accomplished with ketamine hydrochloride (10 mg/kg) and
xylazine hydrochloride (4 mg/kg), after pre-dosing with atropine sulfate. Tracheal intubation
was performed, and anesthesia was maintained with halothane. The surgical procedure is
described in detail elsewhere (Bowman et al., 1991; Monteiro-Riviere, 1989). Briefly, it was
conducted in two stages, with two IPPSF’s created on each pig. Previous studies have shown
the area of skin flap preparation to be vascularized primarily by the caudal superficial
epigastric artery and its paired venae comitantes. The first surgical stage consisted of the
formation of two, axial pattern, tubed skin flaps. Two days later, the flaps were removed
from the pig and their arterial supply cannulated. The flaps were flushed with heparinized
saline to clear the vasculature of blood and were placed in a Riviere Skin Flap Chamber
(Diamond Research, Raleigh, NC) for perfusion (Figure 1). The perfusion chambers were
contained in a fume hood.

The IPPSF’s were perfused with a medium containing bovine serum albumin,
glucose, and Krebs-Ringer bicarbonate buffer. The chamber perfusion apparatus consisted
of a closed recirculating system (Figure 1). The media was oxygenated during perfusion with
95%0,/ 5%CO, via a silastic oxygenator. Media temperature, flow rate, pH, and chamber
humidity were monitored and controlled throughout the experiment and were constant
overall. Target ranges for these parameters were: media temperature of 36 to 38°C, flow

rate of 1.5 to 2.0 ml/min, pH of 7.3 to 7.5, and chamber relative humidity of 50 to 60 per
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cent. Samples were taken of the arterial media and the venous efﬂuvent on an hourly basis,
and these were analyzed for glucose and lactate content. Glucose values were based on the
rate of oxygen consumption as determined using a Beckman Glucose Analyzer 2 (Beckman
Instruments, Fullerton, CA). Lactate was measured on a Multistat IIT Plus clinical chemistry
analyzer (Instrumentation Laboratory Lexington, MA) using a spectrophotometric assay
(Stat-Pack Rapid Lactate Test, Behring Diagnostics Inc., Somerville, NJ). LDH content was
evaluated on a Monarch 2000 clinical chemistry analyzer (Instrumentation Laboratory,
Lexington, MA) which utilized a spectrophotometric assay (IL Test LD-L/LDH-L-
Instrumentadon Laboratory).

After 1 hour of stabilization, each IPPSF was either treated with XL or XHD or
served as an untreated conirol. The agent treated flaps were dosed inside a flexible, plastic
template (Stomahesive, ConvaTec-Squibb, Princeton, NJ) having a 5 cm? dosing area. Agent

"was applied to the dosing area using a positive displacement pipette system (Gilson
Microman-Gilson Medical Electronics, France). This system offered the advantages of
disposable pipette tips and plungers, thus allowing for the immediate decontamination of
the dosing system and preventing cross-contamination between flaps. The XL or XHD was
applied to the skin surface one drop at a time along the length of the dosing area until the
complete dose was dispensed (usually within a minute). Then, the liquid agent was gently
and evenly spread over the dosing surface with the blunt tip of the pipette. The dosed
region of the IPPSF was not occluded. The chamber temperature, airflow, and relative
humidity were constant for all exposures. The untreated controls (n=4) had an identical
template applied but received no treatment.

We have completed 53 isolated perfused porcine skin flap (IPPSF) experiments.
Twenty-four IPPSF’s were treated with 200 4l of either 5.0 mg/ml, 2.5 mg/ml, 1.25 mg/ml,

0.2 mg/ml, 0.14 mg/ml, or 0.07 mg/ml of lewisite (XL) in ethanol (n=4/treatment). In
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addition, 29 IPPSF’s were treated with 200 4l of either 10.0 mg/ml (n=5), 5.0 mg/ml, 2.5
mg/ml, 1.25 mg/ml, 0.5 mg/ml, or 0.2 mg/ml of sulfur mustard (XHD) in ethanol
(n=4/treatment). The 0.2 mg/ml XHD experiments were repeated (n=4) due to variability
in the original results. Four IPPSF’s served as controls for both the XHD and XL treatment
groups.

After perfusion, the entire dosed region of skin was excised, and tissue samples were
taken for light microscopy (LM) and transmission electron microscopy (TEM). LM samples
were fixed in cold (4°C), 10% neutral buffered formalin for 24-48 hours. TEM samples
were minced into 1-mm® pieces and fixed in cold (4°C), modified Karnovsky’s fixative (2.0%
paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH=7.2) for 24 hours.
(Monteiro-Riviere and Manning, 1987). The LM samples were processed routinely and
embedded in paraffin. They were then sectioned at 6 pm and stained with either Harris’s
hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS). The TEM samples were post-
fixed with 1% osmium tetroxide for 1 hour, dehydrated through a graded series of ethanols,
and infiltrated and embedded in Spurr’s resin. Thick sections, approximately 1 pm in
thickness, were stained with 1% toluidine blue for orientation and localization of lesions.
Thin sections of 800-1,000 A were picked up on copper grids, post-stained with uranyl
acetate and lead citrate, and examined on a transmission electron microscope (Philips 410L,
Philips Electronics, Mahwah, NJ).

Cumulative glucose utilization (CGU) and the ratio of lactate production to glucose
utilization (L/GU ratio) have been characterized for the IPPSF and were used as indicators
of biochemical viability in previous studies (Carver et al., 1989; Riviere et al., 1986a; Riviere
et al., 1987; Monteiro-Riviere, 1989). In this study, these parameters were used to determine
the biochemical effects of XL or XHD on IPPSF metabolism and to evaluate IPPSF

viability. Hourly glucose utilization was used as the sole parameter of biochemical viability
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prior to dosing, and an hourly glucose utilization of less than 10 mg/hour/IPPSF or a
plateau in the upward slope of GU indicated a loss of viability in the skin flap preparation.
In addition, after the first 1-3 hours of perfusion, any marked deviation from a constant
L/GU ratio was associated with loss of IPPSF viability. During the initial hours of
perfusion, this typical linear relationship between lactate production and glucose utilization
was not seen, apparently, due to the release of endogenous lactate. However, by 3 hours
of perfusion, this relationship stayed constant, unless IPPSF viability was compromised.
Statistical comparisons of the viability parameters were performed by calculation of the
average rate of change for these parameters over the time course of perfusion (slope).
Differences between treatments were analyzed by the General Linear Model procedure
(Proc GLM) (SAS Institute Inc., Cary, NC), and multiple comparison tests were performed
using Student’s (Least Significant Differences) t-test to control for Type I comparisonwise
error and the Ryan-Einot-Gabriel-Welsch multiple F test to control for Type I
experimentwise error. The vascular response of the IPPSF was characterized using the
physiological parameter vascular resistance (VR). This parameter was calculated using the

formula:

arterial pressure (mmHg)

VR (mmHg - min/ml) =
flow (ml/min)
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RESULTS

The results of these studies will be reported separately for XL and XHD. Within
these sections, the presentation will be further divided into biochemical/physiological data
and then morphological findings. Although all of these studies were conducted and analyzed
within compounds and within biochemical or morphological findings, a global analysis of
these data across compounds and types of data has not yet been conducted.

Biochemical and Physiological Evaluation

Glucose utilization has been used as a marker of cell viability in a variety of in vitro
test systems, and the partial suppression of cellular glucose utilization in these systems has
been associated with exposure to XHD. Also, cumulative glucose utilization (units = mg
glucose/gm tissue) has been characterized in the IPPSF as a marker of biochemical viability
and glucose metabolism. Previous studies have shown that an analogue of sulfur mustard
(2-chloroethyl methyl sulfide) caused suppression of CGU in the IPPSF (King and
Monteiro-Riviere, 1990).

After exposure to XL, CGU for the 0.07 mg/ml IPPSF’s was slightly lower than
control from the fourth to fifth hour after dosing until the termination of perfusion at 8
hours (Figure 2). The 0.14 mg/ml XL treatment resulted in decreased CGU at the same
time after dosing, but the effect was more pronounced than the 0.07 mg/ml treatment
(Figure 3). The 0.2 mg/ml XL flaps closely approximated the 0.14 mg/ml group, with
suppression of CGU from approximately the fourth hour after dosing (Figure 4). The 1.25
mg/ml XL dose had a similar effect on CGU, but the effect began earlier (approximately
3 hours after dosing) (Figure 5). The 2.5 mg/ml XL IPPSF’s closely approximated the
controls throughout the post-dosing period (Figure 6). The 5.0 mg/ml XL flaps showed the

most prominent suppression of CGU over the course of pertusion, with lowered CGU noted
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from 2 to 3 hours after dosing (Figure 7). Figure 8 shows CGU for all XL-treated IPPSF’s
versus control. Statistical analysis of the average rate of change in CGU (slope) for each
of the XL treatment groups showed the 5.0 mg/ml group to have a significantly lowered
rate of CGU versus control (p<0.05). All statistical analyses in this report were done using
the Proc GLM of SAS, and multiple comparison tests were performed using Student’s
(Least Significant Differences) t-test at the 95% confidence level.

Vascular resistance (VR) is a physiological parameter that has been used in previous
IPPSF studies to evaluate vascular response to cutaneous toxins. This has been shown to
increase (versus control) after treatment with the mustard analogue 2-chloroethyl methyl
sulfide. Figure 9 shows that, within 1 hour after dosing, vascular resistance increased with
XL treatment at the 0.07 mg/ml dose. This response leveled at approximately 4 hours after
dosing. A similar, but more pronounced, response was seen at the 0.14 mg/ml dose (Figure
10). A generally less pronounced response was seen with the 0.2 mg/ml XL flaps (Figure
11). The 1.25 mg/ml XL IPPSF’s demonstrated an increase in VR, with an apparent plateau
about 4 hours after dosing (Figure 12). The 2.5 mg/ml XL dose resulted in an initial
increase in VR followed by a plateau at approximately 2 hours (Figure 13). VR was
increased in the 5.0 mg/ml XL IPPSF’s, with a plateau around 6 to 7 hours after dosing
(Figure 14). This dose produced terminal VR levels that were similar to those produced by
the 0.14 mg/ml and the 0.07 mg/ml doses. VR for all treatment groups is shown in Figure
15. All treatments resulted in mean VR values that were significantly higher than control
(p<0.05).

The ratio of lactate production to glucose utilization (L/GU ratio) has been used
as another indicator of biochemical viability in the IPPSF. Typically, a constant (linear)
ratio is noted after the first 2 to 3 hours of perfusion. Variation from a linear ratio, or from

the control profile, is indicative of an alteration in normal pathways of IPPSF glucose
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metabolism. Figures 16-21 show that all XL-treated groups demonstrated linear ratios after
the first 3 hours of perfusion. In addition, none of the groups showed mean L/GU ratios
that were significantly different from control (p>0.05). Figure 22 compares all groups to
control and includes the first 2 hours after dosing. Again, the linearity of the ratio for all
treatments is apparent, as well as the similarity to control. The lack of linearity during the
first 2 hours after dosing is typical for the IPPSF and is due to the release of endogenous
lactate during the early hours of perfusion.

Lactate dehydrogenase (LDH) (units=IU/gm tissue) is an oxidative enzyme that has
been used in numerous studies and in vitro systems, including other isolated organ systems,
as an indicator of cell death. The use of this enzyme to evaluate cell viability in the IPPSF
after exposure to cutaneous toxins has not been well described. Figure 23 shows that LDH
release in the IPPSF’s treated with 0.07 mg/ml XL was essentially the same as control until
late in perfusion. Within 3 hours after dosing, LDH release was generally higher than
control for the 0.14 mg/ml flaps (Figure 24). LDH profiles for the 0.2 mg/ml and the 1.25
mg/ml XL flaps were similar to control (Figures 25 and 26). The 2.5 mg/ml XL treatment
group showed an overall increase in LDH versus control (Figure 27). The 5.0 mg/ml
IPPSF’s showed the most pronounced increase in LDH, with a continuing increase in LDH
release noted between 2 and 8 hours after dosing (Figure 28). All treated groups are plotted
against control in Figure 29, and the increase in the terminal-phase LDH values of the 5.0
mg/ml and the 2.5 mg/ml groups is apparent. Although the increase in LDH seen with the
highest dose (5.0 mg/ml) appeared significant in the later hours of perfusion, comparisons
of the mean LDH values for the entire post-dosing period did not elicit any significant
difference between the treatment groups and control (p>0.05).

Morphological Evaluation:

After perfusion, the entire XL dosed region of skin was excised from the IPPSF and




samples were taken for light microscopy (LM), transmission electron microscopy (TEM),
and enzyme histochemistry. Macroscopic, LM, and TEM observations will be reported at
this time.

Macroscopic observations are presented in Table 1. Many of the XL -treated IPPSF’s
demonstrated the formation of gross vesicles and/or bullae. Of the 5.0 mg/ml IPPSFs, 4/4
showed macroscopic blisters. Only 1/4 of the 2.5 mg/ml XL flaps showed macroscopic
lesions. In the 1.25 mg/ml dosing group, 3/4 developed visible blisters. Of the lower doses,
2/4 of the 0.2 mg/ml flaps blistered grossly, while only 1/4 of the 0.14 mg/ml IPPSF’s
showed any signs of macroscopic blisters. Also 1/4 of the 0.07 mg/ml treated flaps
developed blisters. Typically, at the higher doses (5.0 and 2.5 mg/ml), these lesions were
noted initially as small vesicles that coalesced into bullae and covered large portions of the
dosing surface (5 cm?) by the end of perfusion. These bullae were filled with a clear fluid
and often resulted in marked elevation of the skin surface. A; the lower doses (1.25, 0.2,
0.14, and 0.07 mg/ml), most of these lesions did not coalesce as readily and tended to
remain smaller and more discrete. Of the IPPSF’s developing visible blisters, the shortest
mean times to blister formation were seen in the 5.0 mg/ml XL flaps at 4.30 hours (n=4)
and the 2.5 mg/ml flaps at 2.0 hours (n=1). The 1.25 mg/ml dosing group had a mean
time to blister formation of 4.7 hours (n=3), and the longest mean time for visible blister
development was seen for the 0.2 mg/ml group at 7.5 hours (n=2). The flaps that blistered
in the 0.14 and 0.07 mg/ml developed lesions at 6.3 and 4.3 hours respectively. Based on
time to blister formation and the severity of the lesions formed, there did appear to be an
agent-induced formation of macroscopic lesions. The time for a macroscopic blister to form

was shorter for the highest concentrations (5.0 mg, 2.5 mg).
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TABLE 1. Macroscopic and microscopic observations of XL treated skin flaps.

Flap XL Gross LM or TEM
Number Concentration Blister BM
Separation
614 5.0 mg/ml 24 h +
629 5.0 mg/ml 30h +
677 5.0 mg/ml 57h +
683 5.0 mg/ml 6.5 h +
634 2.5 mg/mi NO -
671 2.5 mg/ml 20h +
676 2.5 mg/ml NO +
688 2.5 mg/ml NO +
696 1.25 mg/ml 50h +
702 1.25 mg/ml 6.2 h +
704 125 mg/ml NO +
705 1.25 mg/ml 30h +
670 0.2 mg/ml NO +
682 0.2 mg/ml NO +
689 0.2 mg/ml 7.1h +
697 .2 mg/ml 80h +
738 0.14 mg/ml 6.3 hr +
745 0.14 mg/ml NO +
746 0.14 mg/ml NO +
747 0.14 mg/ml NO +
615 0.07 mg/ml NO -
624 0.07 mg/ml NO +
739 0.07 mg/ml 43 hr +
744 0.07 mg/ml NO -




Light microscopic observations of hematoxylin and eosin (H&E) and/or periodic
acid-Schiff (PAS) stained, paraffin embedded sections (as well as toluidine blue stained,
plastic sections) showed microvesicles to be present in 18/24 of the XIL-treated IPPSFs.
TEM revealed microvesicles in three more skin flaps and resulted in a combined
microscopic documentation of microvesicle formation in 21/24 of the XI -treated flaps.
Treatment with 5.0 mg/ml of XL resulted in marked separation of the epidermis from the
dermis at the epidermal-dermal junction (Figure 30). Numerous pyknotic cells were noted
in the stratum basale and lower stratum spinosum layers of the epidermis (Figure 30). All
of the flaps in this group demonstrated microvesicles on LM evaluation.

Figure 31 demonstrates that intercellular epidermal edema occurred, primarily in the
stratum basale and stratum spinosum layers in the 2.5 mg/ml group. Figure 32 shows that
the 1.25 mg/ml dose resulted in intercellular edema in the stratum basale and stratum
spinosum layers. This degree of intercellular edema was common at all dosing levels. This
dose resulted in microvesicles in all of the treated skin flaps on LM evaluation and were
not seen in the control flaps.

Figure 33 illustrates that XL caused well-organized microvesicles and epidermal-
dermal separation at the 0.2 mg/ml dose, with only half of the IPPSF’s treated with this
dose exhibiting LM evidence of microvesicles. However, TEM evaluation identified
microvesicles in the other skin flaps in this group. The need for ultrastructural identification
of these lesions was an indication of the decreasing severity and frequency of the lesions
at this dose. Similar findings were noted at the 0.14 mg/ml dose, when LM showed 3/4 with
microvesicles (Figure 34). The 0.07 mg/ml dose resulted in microvesicles in 1/2 of the flaps
on LM (Figure 35).

TEM revealed a number of interesting insights into the lesions produced in the

IPPSF by XL. Figure 36 shows the typical ultrastructural lesions seen at the 5.0 mg/ml XL
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dose. Separation of the epidermal-dermal junction was common. Tilis occurred at the level
of the lamina lucida, but the lamina densa (basal lamina) remained predominantly intact.
When the epidermal-dermal junction was intact, there appeared to be an increase in the
deposition of intracellular lipid and glycogen in the basal cells (Figure 37). Also,
membranous structures were noted in the basale layer and appeared to be remnants of
intracellular membranes, possibly from degenerative organelles. Increased intracellular
glycogen and lipid can be seen in response to cell injury or when epidermal metabolism
is altered. Since arsenic can have a direct toxic effect on the glycolytic pathway, it is
plausible that this could be an effect of the arsenic component of lewisite.

Figure 38 demonstrates some of the ultrastructural lesions seen with the 2.5 mg/ml
dose. At this dose, intercellular edema was common. Blown-out mitochondria with ruptured
cristae were noted in many of the basal and lower spinosum cells. Accumulation of
" intracellular lipid and the formation of intracellular clefts were seen (Figure 38). Such clefts
could be sites of cellular disruption. In addition, chromatin clumping around the nucleolus
was noted. In some areas, disruption of basal cells occurred at the epidermal-junction,
resulting in focal separation of the cells from the basal lamina (Figure 39).

At the 1.25 mg/ml XL dose, similar lesions were seen. Swollen and disrupted
mitochondria were numerous in the basal cells (Figure 40). Intracellular lipid was commonly
seen, and chromatin clumping around the nucleoli was noted. Focal disruption of the basal
cells from the epidermal-dermal junction was noted, and paranuclear clefts were sometimes
present (Figure 41).

Epidermal-dermal separation was noted in all of the IPPSF’s treated with 0.2 mg/ml
XL, and numerous intracellular vacuoles representing disrupted mitochondria, were present
at this dose (Figure 42). Remnants of cellular membranes that formed lamellar structures

along the epidermal-dermal junction were sometimes present at the 0.2 mg/ml XL (Figure
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43). Intracellular lipid did not appear as often at this dbse. The 0.14 mg/ml XL resulted in
intercellular edema and intracellular clefts (Figure 44) and paranuclear vacuoles in the
stratum basale cells (Figure 45). The 0.07 mg/ml XI-treated flaps showed few
ultrastructural changes, except for mild intercellular edema, chromatin clumping, and
nuclear envelope blebbing (Figure 46).
Sulfur Mustard - XHD
Biochemical and Physiological Evaluation:

Cumulative glucose utilization (CGU), in milligrams/gram (mg/gm), of 0.2 mg/ml
of XHD-treated IPPSF’s compared to controls showed that the 0.2 mg/ml group had a
decrease in glucose utilization from 1 hour through 8 hours after dosing (Figure 47). In an
another experiment with 0.2 mg/ml of XHD (n=4), the new 0.2 mg/ml had a gradual
increase in CGU from 1 hour through 8 hours (Figure 48). The 0.5 mg/ml of XHD-treated
IPPSF’s had an initial increase in CGU through 3 hours and tended to decrease through
8 hours compared to controls (Figure 49). The 1.25 mg/ml of XHD group showed a
continual but slow increase in CGU, when compared to controls (Figure 50). The 2.5 mg/ml
of XHD-treated IPPSF’s showed an initial increase in glucose utilization (GU) up to 3
hours, followed by a slow decrease around 4 hours compared to control (Figure 51). The
CGU of 5.0 mg/ml of XHD-treated IPPSF’s was similar to that of the 2.5 mg/ml of XHD
in that an initial increase in GU was followed by a decrease compared to control (Figure
52). The 10.0 mg/mi of XHD-treated IPPSF’s (n=5) derr‘xonstrated a dramatic change in
CGU when compared to controls and to the 0.2 mg/ml, 0.50 mg/ml, 1.25 mg/ml, 2.5
mg/ml, and the 5.0 mg/ml XHD-treated IPPSF’s. There was an initial decrease in CGU
from the first hour after dosing that continueu to decrease through 8 hours (Figure 53).
Although the agent induced changes in CGU appear rﬁinor, based on our experience with

over 1,000 other IPPSF’s, any deviation from linearity is significant.

25




In Figure 54, all XHD-treated IPPSF’s were plotfed against control flaps to give a
better understanding of CGU between these flaps. By 4 hours, most XHD-treated flaps (0.2
mg/ml, 0.5 mg/ml, 2.5 mg/ml}, 5.0 mg/ml, and the 10.0 mg/ml) demonstrated a decrease
in CGU compared to the control flaps, except for the new 0.2 mg/ml and the 1.25 mg/ml,
which demonstrated an increase in CGU. The 10.0 mg/ml XHD flaps had the lowest CGU,
followed by the 0.2, 5.0, 2.5, 0.5, 1.25, and the new 0.2 mg/ml. Initially, this data
demonstrated a graded, good dose response at higher doses, with the exception of the 0.2
mg/ml of XHD dose. Therefore, an attempt was made to establish a new 0.2 mg/ml of
XHD and to compare that to the control. Based on an analysis of all the data, the new 0.2
mg/ml group appeared correct, since a more appropriate dose response was noted. The 10.0
mg/ml, 5.0 mg/ml, and 0.2 mg/ml IPPSF’s were statistically different from the controls
(p<0.05).

The ratio of lactate production to glucose utilization (L/GU) in the IPPSF has been
characterized previously in our laboratory and used as an indicator of biochemical viability
in our previous studies. In Figures 55-61, the lactate/glucose ratios for the new 0.2 mg/ml,
0.2 mg/ml, 0.5 mg/ml, 1.25 mg/ml, 2.5 mg/ml, 5.0 mg/ml, and 10.0 mg/ml were very linear
compared to the controls. Figure 62 compares the L/GU ratio between all treatment groups
showing a linear response. The statistical analysis for lactate using the General Linear
Model Procedure (Proc GLM) in SAS showed no significant difference in lactate production
between all XHD-dosed IPPSF’s and controls.

In comparing the vascular resistance of the new 0.2 mg/ml and the 0.2 mg/ml of
XHD and control, there was an increase in VR around 1 hour after dosing, this response
continued to increase until 4 hours, where it then plateaued until 8 hours (Figures 63-64).
The 0.5 mg/mi slowly increased in VR until 6 hours, where it plateaued through 8 hours

(Figure 63). The 1.25 mg/ml showed a slow increase in VR up to 4 hours where it leveled
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off until 8 hours (Figure 66). The 2.5 mg/ml showed an initial decrease until 1 hour after
dosing, then a steady increase in VR up to 6 hours, where it plateaued until 8 hours (Figure
67). Figure 68, depicts the 5.0 mg/ml of XHD, which resembles that of the 2.5 mg/ml
(Figure 67). The last group, comparing 10.0 mg/ml of XHD with controls, shows a dramatic
increase in VR from 1 hour through 4 hours, where it levels off (Figure 69). An overall
comparison of VR between all doses of XHD-treated IPPSF’s to controls can be seen in
Figure 70, which shows that there was an overall increase in VR with 0.5 mg/ml having the
highest increase, followed by 1.25 mg/ml, 10.0 mg/ml, 0.2 mg/ml, 5.0 mg/ml, new 0.2
mg/ml, 2.5 mg/ml, and then control. Statistical a..alysis for VR using the Student’s t-test
shows that all the concentrations of XHD were significantly different from the controls
(p<0.05).

Lactate dehydrogenase (LDH) for the new 0.2 mg/ml of XHD slowly increased
during the 8 hours of perfusion (Figure 71) Tue .2 mg/ml initially increased until 1 hour,
then decreased to 3 hours; it then increased up to 6 hours, then slowly decreased to 8 hours
(Figure 72). The LDH for the 0.5 wg/m! ol ~HD slowly increased up to S hours, then
decreased at the sixth hour, and continued to rise through the remaining 2 hours (Figure
73). The LDH for the 1.25 mg/ml increased after 1 hour and continued to rise through the
sixth hour, then decreased at 7 hours with an increase on the last hour of perfusion (Figure
74). The 2.5 mg/ml increased after 1 hour and continued to slowly increase up to 8 hours
(Figure 75). The 5.0 mg/ml continued to show an increase in LDH throughout the entire
8 hours of perfusion (Figure 76). Also, the 10.0 mg/ml demonstrated an increase in LDH
for the entire 8 hours of perfusion (Figure 77). The LDH for all concentrations can be seen
in Figure 78. Statistical analysis for LDH using the Proc GLM in SAS showed a statistically
significant difference with the 10.0 mg/ml and the new 0.2 mg/ml of XHD compared to

controls (p<0.05).
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Morphological Evaluation:

Macroscopic observations (see Table II) revealed that 3/4 flaps reated with 0.2
mg/ml of XHD blistered. The new 0.2 mg/ml of XHD flaps showed no blisters in 0/4 flaps.
This supports the bioclkiemical and vascular resistance data that the new 0.2 mg/ml is
correct and justifies the repeating of this group. In the 0.50 mg/ml of XHD-treated flaps
2/4 had blistered; and the 1.25 mg/m! of XHD showed that 1/4 flaps had blistered. Only
1/4 of the 2.5 mg/ml of XHD blistered, and 2/4 of the 5.0 mg/ml of XHD blistered, while
4/5 of the high-dose 10.0 mg/ml of XHD blistered.

Light microscopic observations of hematoxylin and eosin (H&E) paraffin embedded
samples demonstrated some interesting findings. The 0.2 mg/ml of XHD-treated IPPSF’s
consistently had both intracellular epidermal edema (Figure 79) and intercellular epidermal
edema (Figure 80). Of the IPPSF’s that had blistered at 0.2 mg/ml of XHD, some focal
basement membrane separation had occurred between the epidermis and the dermis
(Figure 81). Transmission electron microscopy of the 02 mg/ml treated IPPSFs
demonstrated the typical intercellular epidermal edema, and typical nucleolar pleomorphism
seen in normal IPPSF’s, and blown-out mitochondria (Figure 82). TEM of another 0.2
mg/ml of XHD-treated flaps showed normal epidermal-dermal junctions and dilated
endoplasmic reticulum in the stratum basale cells forming a cleft (Figure 83). The 0.5
mg/mi of XHD showed slight intercellular and intracellular epidermal edema (Figure 84).
Transmission electron nﬁcroscoby showed a normal epidermal-dermal junction, lipid
inclusions in the stratum basale cells, and nucleolar margination (Figure 85). Another 0.5
mg/ml of XHD-treated flaps showed nucleolar margination and nucleolar caps. Most
nucleoli had enlarged granular centers surrounded by a dense fibrillar components (Figure
86). Light microscopy of the 1.25 mg/ml of XHD-treated IPPSF’s demonstrated a normal

stratum corneum, with intercellular and intracellular edema (Figure 87). Transmission
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TABLE II. Macroscopic and microscopic observations of XHD treated skin flaps.

Flap XHD Gross LM or TEM

Number Concentration Blister BM
Separation
603 0.2 mg/ml 65 h +
608 0.2 mg/ml 80h -
613 0.2 mg/ml 6.8 h +
652 0.2 mg/ml NO -
736 NO0.2 mg/ml _ NO -
737 N0.2 mg/ml NO +
740 N0.2 mg/ml NO +
741 N0.2 mg/ml NO -
711 0.50 mg/ml 26 h +
716 0.50 mg/mi 80h +
721 0.50 mg/mi NO -
726 0.50 mg/ml NO -
710 1.25 mg/ml NO +
717 1.25 mg/ml NO +
720 1.25 mg/ml NO -
727 1.25 mg/ml 27h +
658 2.5 mg/ml 38h -
659 2.5 mg/ml NO -
664 2.5 mg/ml NO -
665 2.5 mg/ml NO +
640 5.0 mg/ml NO -
641 5.0 mg/ml NO +
646 5.0 mg/ml 84h +
647 5.0 mg/ml 75 h +
602 10.0 mg/ml 3.1h +
609 : 10.0 mg/ml 6.1h +
612 10.0 mg/ml 72 h +
653 10.0 mg/mli NO +
733 N10.0 mg/ml 3.1h +
N = additional IPPSF experiment.
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electron microscopy showed a normal basement membrane, with normal stratum basale,
stratum spinosum (Figure 88), stratum granulosum, and stratum corneum cells (Figure 89).
The flaps treated with 2.5 mg/ml of XHD showed primarily intracellular epidermal edema
and very slight intercellular epidermal edema, and only one flap showed basement
membrane separation. In Figure 90, a Langerhans cell process can be seen traversing the
stratum basale and stratum spinosum cell layers. The basement membrane is unaffected and
most cytoplasmic organelles appear normal in this 2.5 mg/ml treated IPPSF. A few
mitochondria have no cristae, and nuclear envelope separation has occurred in two of the
stratum basale cells. Also, a few lipid inclusion bodies are present in some cells. Figure 91
is another example of a 2.5 mg/ml treated IPPSF showing a dark degenerative stratum
basale cell with large cytoplasmic vacuoles, which are probably remnants of damaged
mitochondria. Figures 92, 93, and 94 give us a better understanding of what occurred with
the 5.0 mg/ml of XHD. Characterization of these lesions showed multiple focal areas of
subepidermal vesiculation, with separation occurring above the basement membrane and
basal cell degeneration (Figure 92). In Figure 93, both intracellular and intercellular edema
were present, along with basement membrane separation. These lesions were focal, where
one area may appear fairly normal and yet adjacent areas exhibit separation of the
epidermis and dermis (Figure 94). Figure 95 is a representative electron micrograph of a
5.0 mg/ml treated IPPSF. Note the numerous damaged mitochondria present in the stratum
basale, stratum spinosum, and the Langerhans cell. It appears that the damaged
mitochondria became so swollen that they eventually coalesced, thereby forming a large,
crescent-snhaped vacuole that may correspond to the perinuclear cap seen by other
investigators.

The effects seen in the 10.0 mg/ml flaps were more severe than those in the previous
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doses. All skin flaps had both intracellular and intercellular epidermal edema that extended
as far as the stratum granulosum area. Although 4 out of S flaps treated with 10.0 mg/ml
showed macroscopic blisters, 5 out of 5 showed microscopic blisters. Figures 96 and 97 show
typical basement membrane separation, with pyknotic stratum basale cells and some
inflammatory cells (Figure 97). The 10.0 mg/ml flaps showed severe degeneration of the
stratum basale cells, damaged mitochondria, intercellular epidermal edema and separation
of the basement membrane (Figure 98). In Figure 99, the stratum basale cells became
separated from the basement membrane. In the space between the separation, note the
amorphous substance containing cytoplasmic remnants of organelles. Vacuoles were also
present in the cells, along with dilated, rough endoplasmic reticulum.

It is important to note that all three indicators of vesication (e.g. gross, light and
ultrastructure) are needed to precisely identify morphological evidence of agent induced
vesication. In many cases the gross observations alone are not adequate because
microvesicles obviously connect be detected. In contrast, due to sampling limitations,
basement membrane separation may be missed when gross blisters are present (e.g. flaps

608, 638).
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DISCUSSION

The results of both XL and XHD treatment of IPPSF’s clearly indicate that
distinctive biochemical, physiological, and morphological changes occurred. In general, the
response of both XL and XHD treated IPPSF’s are similar, except for the more severe
epidermal sloughing seen with XI.. Before the general summary, the results of the XL and
XHD experiments will be separately addressed.
Lewisite - XL

The results of the biochemical and physiological parameters in these experiments
yielded several key findings. Perhaps the most consistent finding was the presence of the
5.0 mg/ml dosing group in the "most effected” position for all of the parameters in which
differences were noted. This treatment resulted in the lowest average rate of cumulative
glucose utilization, one of the highest terminal levels of vascular resistance, and the highest
values for LDH release. Although a dose-related sensitivity in response was not apparent
for these parameters at other concentrations (2.5 mg/ml gave an abnormally low response),
the 5.0 mg/ml dose consistently resulted in changes that were quite different from control.

The lack of dose-related separation of responses was not observed at the other levels
of XL treatment could be a factor of either the dosing concentrations that were tested or
a lack of sensitivity of these parameters to XL-induced changes. The presence of significant
differences at the 5.0 mg/ml dose suggests that this concentration was the most effective
at producing measurable differences from control for these parameters. It seems possible
that experiments with even higher concentrations of XL might result in more pronounced
and separable levels of these responses. An example of lack of parameter sensitivity is seen
with the LDH results. While these results suggest that monitoring such enzymes may be
appropriate in XL experiments, the level of LDH release in this model was not high enough
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and did not show the sensitivity necessary to achieve a statistical, dose-related
differentiation in response. Possibly, more sensitive indicators of XL-induced changes may
be identified through consideration of different measures of enzyme activity, such as enzyme
histochemistry, or by media levels of other enzymes. The poor sensitivity of these
biochemical parameters to low doses of applied agent may be a result of the relatively small
proportion of total skin area dosed in these studies (approximately 15%). By increasing the
dosing surface area to greater than 5 cm®, more skin would be affected.

Another key finding of these experiments was the presence of increased vascular
resistance at all XI. dosing levels versus control, making this a very sensitive biological
parameter for assessing decontaminant strategies. This suggests that topical application of
a variety of concentrations of XL had either direct or indirect effects on the IPPSF
vasculature. While XHD has been shown to affect the cutaneous vascular endothelium and
to cause the release of a variety of vasoactive mediators, little work has been done on the
vascular effects of vesicant arsenicals. The mechanism of the XL-related vascular response
seen in these studies is unknown. However, future IPPSF experiments may allow us to
explore this interesting response and may give new insight into the pathogenesis of lewisite
injury.

Evaluation of XL-induced morphological changes did appear to provide a more
sensitive measure of dose response than the previously described biochemical and
physiologic parameters. The 5.0 mg/ml dose consistently produced some of the more severe
changes noted in this study. However, both macroscopic and microscopic lesions
demonstrated differing levels of response, depending on XL concentration. Again. the 2.5
mg/ml dose appeared to be out of phase with the other doses, and this dose group will

be repeated. Ultrastructural findings suggested that intracellular glucose and fatty acid
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metabolism may be affected by this compound, .and TEM evaluation allowed the
identification of lethal and sublethal cellular changes that may be precursors to or directly
responsible for the macroscopic lesions seen.
Mustard - XHD

The XHD studies demonstrated biochemical and morphological changes qualitatively
similar to the XL lesions just described. The magnitude of the change in CGU appeared
to be less dramatic than that induced by XL. The LM and TEM observations of XHD were
very similar to those reported for CEMS (King and Monteiro-Riviere, 1990). Unlike XL-
treated samples, XHD samples (when the new 0.2 mg/ml dose was considered) clearly
demonstrated a graded dose-response relationship for some of the parameters at the higher
doses.
General

In documenting the response of isolated perfused porcine skin to exposure to XL and
XHD, this model demonstrated the ability to respond biochemically, physiologically, and
morphologically to cutaneous exposure by vesicant compounds. The results of the
biochemical parameters support the relevance of this model for the study of cutaneous
vesication due to arsenical or mustard compound exposure. Most agent-treated flaps
demonstrated an average rate of GU that was significantly lower than control. A similar,
incomplete suppression of GU has been described in cultured human epidermal
keratinocytes (Mol et al,, 1989a) and in the full-thickness, human skin organ culture model
(Mol et al., 1989D) after exposure to XHD. Other in vitro studies in skin have demonstrated
that anaerobic glycolysis is a primary pathway of energy production for skin and that lactate
is a major end product of epidermal glycolysis (Freinkel, 1983). The L/GU ratio was found
to be constant both for controls and for XL and XHD-treated flaps, and no significant
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differences were noted between the tréated groups and their respective controls. This
suggests that, although glucose utilization was decreased, typical pathways of IPPSF
epidermal glucose metabolism were maintained after vesicant treatment.

XL and XHD treatment resulted in an overall increase in vascular resistance. The
VR profiles of the treated IPPSF’s showed an increase shortly after dosing, and a platcau
was noted in the VR profile for some agent concentrations. A biphasic vascular response
to high doses of XHD has been described in both rabbit and guinea pig skin jn vivo (Vogt
et al,, 1984). In that study, an early response of the vascular endothelium to XHD resulted
in vascular leakage within the first hour after dosing. This appeared reversible, as
permeability changes returned to normal by 2 to 3 hours. However, a second phase of
vascular response occurred between 3 to 8 hours, during which time there occurred a
marked increase in vascular permeability, which resulted in diffuse leakage and dermal
edema. This study suggested that the first phase was the result of reversible endothelial
damage to the superficial microvasculature and the second phase of vascular response was
caused by the release of vasoactive mediators. Later studies identified specific proteinases.
proteases, and hydrolases released from XHD-produced skin lesions in rabbits (Harada et
al,, 1987; Higuchi et al, 1988). These studies point to the fact that the cutaneous
vasculature can be affected rapidly by topically applied mustard compounds and that
vasoactive products are released by HD-induced lesions. Based on these findings, it would
seem that the rapid increase in VR seen in this study may be due to an early primary effect
of vesicants on the vasculature, and that the plateau noted in the flaps may be due to a
second phase in vascular response caused by the release of vasoactive mediators.

The IPPSF responded with the formation of macroscopic and microscopic lesions

similar to those seen after human exposﬁre to HD (Requena et al.,, 1988). Histologically,
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these lesions were similar to those seen in the euthymic, hairless guinea pig (Wade et al,,
1989; Marlow et al, 1989), the human skin grafted athymic nude mouse model
(Papirmeister et al,, 1984a; McGown et al., 1987), the full-thickness human skin organ
culture model (Mol et al., 1989b), and in in vivo studies with pigs (Micheltree et al., 1989)
in response to cutaneous exposure to vesicants such as HD, lewisite, and lewisite analogs.
Ultrastructural findings supported the LM evaluation of these lesions and were similar to
those described in both the euthymic, hairless guinea pig (Marlow et al., 1989; Petrali et
al,, 1989) and the human skin grafted athymic nude mouse model (Papirmeister et al.,
1984b; McGown et al, 1987). A key finding in the IPPSF was the formation of
characteristic gross blisters in treated flaps.

These findings show that XHD produced biochemical and morphological responses
in the IPPSF model that are strikingly similar to those described for neat HD in humans
and in various jn vitro and jn vivo models. The ability of the IPPSF to form gross blisters
in response to vesicant exposure is unique among in vitro test systems and many of the in
vivo models that have been studied.

The rapid occurrence of gross blisters in IPPSF is both an advantage and

disadvantage of this in vitro model. There are conflicting observations on the ability of pig

skin to form gross blisters in vivo. Microvesication is observed by all to occur in vivo and

is identical to that seen in the IPPSF. This supports a similar mechanism of action. The
formation of gross blisters in the IPPSF is probably due to increased pressure seen in an
in vitro perfused model which accentuates any lesion produced. Since these only occur after
vesicant exposure, this makes the IPPSF a more sensitive model.

In addition, characteristic mustard-induced changes in glucose utilization and vascular

resistance were quantitated in this model. The IPPSF appears to be a useful and relevant
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-in vitro model with which to investigate cutaneous vesicant toxicity, and it offers a humane
alternative to classic in_vivo studies. Full characterization of the morphological and
biochemical changes seen after topical exposure of the IPPSF to vesicants may shed light
on the pathogenesis of cutaneous toxicity of these compounds in vivo and may serve as a
model to assess protective strategies against vesicant exposure.

Although the biochemical parameters did not provide as sensitive a characterization
of dose response as did the morphological changes, XL did create consistent treatment-
related changes in glucose utilization and lactate dehydrogenase release at high doses (5.0
mg/ml). XHD resulted in a graded dose-response for some parameters, with severe
blistering consistently seen at the high dose (10.0 mg/ml). Re-evaluation of these and other
potential parameters may lead to more sensitive biochemical indices of vesicant-induced
changes. In addition. *1¢ ability to evaluate vascular changes in an isolated system which
contains an ir‘sr .nicrocirculation provides a unique opportunity to explore the vascular
componeri in the pathogenesis of cutaneous vesicant injury. The use of vesicant-induced
charges in vascular resistance appears especially promising as a biological marker of both
L and HD exposure, since this parameter increased at all doses of both compounds. It is
noteworthy that when other chemicals or treatments are applied to the IPPSF, vascular
resistance does not change. Among these chemicals and treatment are many pesticides,
solvent vehicle systems, and alkylating platinum containing cancer chemotherapeutic drugs
(cisplatin, carboplatin). Although sufficient time was not available to further analyze this
data, work is presently being conducted on constructing a multivariate toxicologic index
which would combine biochemical, physiologic, and morphologic indices. However, even
without such analysis, the occurrence of XL or XHD-induced cutaneous vesication appears
readily detectable.
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Based upon the work reported here, thcre does not appear to be a clear-cut dose-
response relationship for XL exposure (one dose appears anomalous) or for very low-dose
XHD exposure in the IPPSF. The major reason for this phenomenon may be that all doses
used in this study were below the linear portion of a classic logarithmic dose-response
relationship. However, we are precluded from using higher doses in our studies because our
laboratory is restricted to dilute agent work (XCSM). An alternative explanation is that
there is more than one mechanism responsible for the changes seen. For example, the
vascular changes seen could be a result of a direct vesicant effect on the vasculature or
could be secondary to epidermal damage assbciated with a concomitant release of
vasoactive mediators. If two independent processes are present, then, a priori, one would
not expect a linear dose-response relationship. Repetition of the 2.5 mg/ml dose of XL
should be performed before seriously entertaining these hypotheses.

Another possible explanation for the lack of a graded dose-response relates to XL
and low-dose XHD penetration, distribution, metabolism, and capillary uptake kinetics (i.e.
cutaneous disposition kinetics). This is especially important if the penetrating chemical (or
its metabolite) is vasoactive, since different patterns of cutaneous disposition may be
expressed when threshold concentrations for vasodilation/constriction are exceeded. When
the responses of an integrated system are studied these nonlinearities in penetration
kinetics, coupled with multiple sites of vesicant action, result in an irregular dose-response
relationship. In simple in vitro systems, where disposition kinetics are absent and only a
single site of action exists, such complex behavior would not be expected. This hypothesis
could be addressed by (1) integrating the dose-response data with the time series results
when available, (2) conducting the multiple parameter modelling as described earlier, and

(3) attempting to assay XL or XHD flux in perfusate and formulating a toxicokinetic model
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of vesicant agent penetration and action. Options 1 and 2 will be addressed, since they are
consistent with this contractual agreement. The high degree of IPPSF reproducibility
observed in these studies suggest that this goal is achievable. In order to address these
concerns further, it is important to correlate the biochemical and physiologic changes over
time with morphological data to determine the temporal pattern of vesicant damage. We
feel that in the absence of this data, planned for the second phase of this grant, and without
the results of a multivariate analysis of all of the parameters, more detailed mechanistic
discussions would be speculative.

The final conclusions which éould be drawn from this work relate to the criteria
which should be used in selecting an appropriate animal model for vesicant research. The
first criterion should be an ability to form blisters after exposure. If, as the present work
seems to strongly suggest, vascular changes are an integral part of vesicant-induced damage,
the model should be able to respond to vascular toxins, an attribute that rules out many in
vitro test systems. Based on these criteria and the similarity of results seen in this study to
those reported in the open literature, the IPPSF appears to be a humane alternative animal
model for studying XL and XHD-induced cutaneous vesication. Further studies in progress,
conducted under the auspices of the present contract, will further define the underlying
mechanisms operative and should establish the protocol necessary to use the IPPSF as a
tool for assessing decontamination strategies.

The technical goal of this contract was to "develop a standardized dosing protocol
of vesicant agents which would produce a specific lesion of a defined severity based on
morphologic and biochemical criteria.” Based upon an analysis of the data presented in this
report, this goal has been achieved for both XL and XHD, since characteristic blisters and
a specific biochemical and physiologic profile is consistently seen after high-dose vesicant
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exposure. This should provide a useful, humane, alternative in vitro animal model system

for further mechanistic studies and future evaluation of decontamination protocols.
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FIGURE 1. Schematic diagram of the IPPSF chamber.
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FIGURE 30. IPPSF treated with 5.0 mg/ml of XL. Note the large subepidermal vesicle (V),
separation of the epidermis (E) from the dermis (D). Pyknotic cells (arrows)

were noted. (X360)
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FIGURE 31. Intercellular edema (T) was present in the stratum basale and spinosum layers

of 2.5 mg/ml of XL. (X730)
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FIGURE 32. Intracellular edema (arrows) was present in the stratum basale and spinosum

layers of 1.25 mg/ml of XL. (X440)
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FIGURE 33. Microvesicles (V) seen with 0.2 mg/ml of XL and hydropic degeneration of

X440)

the epidermis (arrows). (
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FIGURE 34. This 0.14 mg/ml of XL developed well-organized microvesicles and pyknotic

stratum basale cells (arrows). (X360)




FIGURE 3S. Treatment with 0.07 mg/ml of XL resulted in microvesicle formation (V).
(X360)
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Note the

0 mg/ml of XL flap

TEM of a §.

FIGURE 36
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(X6,600)

(arrows)
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FIGURE 37. Glycogen accumulation (G) and intracellular lamellar membranes (L) were

82

noted in some stratum basale cells after treatment with 5.0 mg/ml of XL.
880)

(X22,




FIGURE 38. XL treatment with 2.5 mg/ml resulted in the
formation of intracellular clefts (small arrow),
chromatin clumping around nucleoli (large
arrow), lipid (L), and mitochondrial swelling (M).
(X9,680)
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disruption of the basal cells from the basal lamina
(arrow) and blebbing of the nuclear envelope (B)

at 2.5 mg/mi of XL. (X6,600)
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FIGURE 39. Electron  micrograph  demonstrating focal




FIGURE 40. The 1.25 mg/ml of XL dose resulted in intercellular edema (I), nucleolar

margination (ariows), and swollen mitochondria (M). (X6,600)




FIGURE 41. Focal disruption of basal cells and intracellular
clefts (arrow) were noted in the 1.25 mg/ml of

XL. (X9,680)
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FIGURE 42. The 0.2 mg/ml of XL dose resulted in separation of the epidermai-dermal

junction and large intracellular vacuoles (V). (X9,680)
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TEM of a 0.2 mg/ml of XL flap showing swollen

FIGURE 43.

ts of basal

mitochondria (M) and lamellar remnan

cell membranes (L). (X9,680)
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FIGURE 44. Intercellular edema (I) was prominent in the 0.14 mg/ml of XL, along with

intracellular clefts (arrow). (X3,520)
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FIGURE 45. Paranuclear vacuoles (V) were noted in some of the basal cells treated with

0.14 mg/ml of XL. (X6,600)
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FIGURE 46. The lowest concentration (0.07 mg/ml XL)
caused focal degeneration of basal cells, nucleolar
chromatin clumping (arrows), and blebbing of the

nuclear envelope (B). (X9,680)
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FIGURE 79. A 0.2 mg/ml of XHD eated IPPSF demonstrating typical intracellular

epidermal edema (arrows). (X700)
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FIGURE 80. LM of 0.2 mg/ml of XHD primarily showing intercellular edema. (X350)
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FIGURE 81. LM of an IPPSF treated with 0.2 mg/ml of XHD depicting epidermal-dermal

ide of a hair follicle. (X350)

separation (arrows) on either s
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FIGURE 82. TEM of a 02 mg/ml of XHD showing
intercellular edema (arrow) and blown-out
mitochondria (M) in the stratum basale layer
(SB). Note that the nucleolar pleomorphism (N)
found in norma! IPPSF’s can be seen in the

stratum spinosum ldyer. (X5,700)

127




o

S
X
-
%

)

FIGURE 83. TEM of a 0.2 mg/ml of XHD demonstrated a normal epidermal-dermal
junction (ED) and well preserved organelles. Note the dilated endoplasmic

reticulum (arrow) present in the stratum basale cell (SB). (X5,700)

128




FIGURE 84. Light micrograph of a typical 0.5 mg/ml of XHD-treated IPPSF. Note slight
intercellular (large arrow) and intracellular epidermal edema (small arrow).

(X350)
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FIGURE 85. Electron micrograph of a 0.5 mg/ml of XHD flap demonstrating normal
epidermal-dermal junction (ED). Note cytoplasmic inclusions of lipid (arrow)

and nucleolar margination (NM), (X8,360)
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FIGURE 86. Electron micrograph of a 0.5 mg/ml of XHD flap depicting slight intercellular
edema (ID). Note the nucleolar margination. Most nucleoli have an enlarged
granular center (arrows) surrounded by dense fibrillar component (F). Also,

note the nucleolar caps and margination present in adjacent cells. (X4,560)
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*IGURE 87. Light micrograph showing normal stratum corneum (SC), with intracellular

(arrows) and slight intercellular edema in an IPPSF treated with 1.25 mg/ml

of XHD. (X350)
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FIGURE 88. Transmission electron micrograph of a 1.25 mg/ml of XHD-treated flap. Note
that the epidermal-dermal junction is intact and the stratum basale (SB) and

stratum spinosum (SS) cells appear normal. (X§,700)
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FIGURE 89. Transmission electron micrograph demonstrating

the normal appearance of the upper stratum

spinosum (SS), stratum granulosum (SG) and

stratum corneum (SC) layers in an IPPSF treated

with 1.25 mg/ml of XHD. (X4,560)
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FIGURE 90. Transmission electron micrograph of a 2.5 mg/ml
of XHD-treated IPPSF showing a Langerhans cell
process (L) traversing through the stratum basale
(SB) and stratum spinosum (SS) cell layers. Note
the numerous tonofilaments and organelles

typically present in normal IPPSF’s. (X8,360)

135




FIGURE 91. Another example of a 2.5 mg/ml of XHD-treated
flap showing a dark degenerative stratum basale
cell with large cytoplasmic vacuoles (CV),
probably remnants of damaged mitochondria.

(X13,490)
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FIGURE 92. Light micrograph of a 5.0 mg/ml of XHD showing subepidermal vesiculation

(V) and pyknotic stratum basale cells. (X403)
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FIGURE 93. Light micrograph of a 5.0 mg/ml of XHD showing epidermal-dermal
separation (arrow) and intercellular and intracellular epidermal edema.

(X403)
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FIGURE 94. Light micrograph of a 5.0 mg/ml of XHD flap exhibiting a focal lesion of

epidermal-dermal separation (arrow). (X403)
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FIGURE 95. Transmiss

icting damaged mitochondria which

of XHD dep

ge crescent-

eventually coalesce, forming a lar

shaped vacuole (Va). (X4,560)
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FIGURE 96. Light micrograph of a 10.0 mg/ml of XHD showing basement membrane

separation (arrows) and pyknotic stratum basale cells. (X805)
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FIGURE 97. Light micrograph of another 10.0 mg/ml of XHD showing a complete

pyknotic nuclei, and

y

separation of the epidermal-dermal junction (arrows)

Note that the upper stratum spinosum, stratum

inflammatory cells.

granulosum, and stratum corneum appear normal. (X350)
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FIGURE 98. Transmission electron micrograph of a 10.0
mg/ml of XHD showing pyknotic cells (P), large
cytoplasmic vacuoles (CV), and damaged

organelles. (X3,700)
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FIGURE 99. Transmission electron micrograph of another 10.0
mg/ml of XHD showing epidermal-dermal

separation (arrows). (X4,560)
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