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The Noninvasive Mouse Ear Swelling Assay. I. Refinements for Detecting Weak Contact Sen-
sitizers. THORNE, P. S., HAWK, C., KALISZEWSK], S. D., AND GUINEY, P. D. (1991). Fundam.
Appl. Toxicol. 17, 790-806. The noninvasive mouse ear swelling assay (MESA) is a model for
delayed-type hypersensitivity that holds promise as a testing protocol for allergic contact dermatitis
(ACD). The MESA employs only topical sensitization on the abdomen and does not use injections,
adjuvants, anesthesia, occlusion, or disruption of the stratum corneum. Five days after induction,
the ears are challenged topically and ear swelling measurements taken at 24, 48, and 72 hr indicate
the extent of ACD. In this study, refinements of the assay were explored in BALB/cBy mice using
dinitrofluorobenzene (DNFB) and dinitrochlorobenzene (DNCB). A complete dose-response curve
was developed for DNFB and the dose which sensitized half the mice in a group (SD50, 0.001%,
w/v) was used to test noninvasive enhancement protocols. Several triple-dose protocols tested
produced no increase in responsiveness and daily dosing showed a trend toward tolerance induction
ytelding 20% positive responses. Dietary vitamin A supplementation produced a dramatic en-
hancement of the responses: ear thickness increase was doubled and the SDSO0 sensitized 94 to
100% of the mice in the vitamin A groups. We conclude that the MESA allowed identification
of ACD potency for known sensitizers at very low concentrations which do not produce ACD
with other techniques. The importance of dose—response studies for avoiding the high-dose reduced-
response region was also shown. Based on the observation that the vitamin A-augmented MESA
was considerably more sensitive than with regular feed, a companion study (P. S. Thorne, C.
Hawk, S. D. Kaliszewski, P. D. Guiney, Fundam. Appl. Tox. 17, 807-820, 1991) presents tests
of the enhancements to the MESA developed in this work, using weak sensitizers and complex
mixtures. © 1991 Society of Toxcology.

Allergic contact dermatitis (ACD) is respon-
sible for nearly half of all occupational der-
matoses and about one-fifth of all reported
workplace disease. Thus, ACD represents a

Portions of this work were presented at the 29th Annual
Meeting of the Society of Toxicology, 14 February 1990,
Miami Beach, FL, and at the 1 1th Annual Meeting of the
American College of Toxicology, 31 October 1990, Or-
lando, FL.

' To whom correspondence should be addressed at
University of lowa, AMRF-Oakdale Campus, Iowa City,
IA 52242.

0272-0590/91 $3.00
Copyrigit © 1991 by the Sociaty of Toxicology.
AH rights of reproduction in any form reserved.

significant health hazard for workers. From
the standpoint of consumers, a sizable portion
of dermatological problems result from the use
of cosmetics, toiletries, and topical medica-
ments (Fregert, 1986). Often it is not the active
ingredients of these products that are sensitiz-
ers but the preservatives, fragrances, colorings,
or vehicles (Menné and Christopherson, 1985).
Ingredient degradation can produce new sen-
sitizing chemicals that were not present in the
original product. A pivotal part of the process
of bringing a dermally applied product to
market is the testing of the formulation and
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its ingredients for their dermal sensitizing po-
tency. Methodology for this has been devel-
oped using, primarily, guinea pigs in an at-
tempt to predict the sensitizing potency of
these products in humans. This endeavor has
been somewhat successful but when one com-
pares animal test results to human results one
generally finds many false positives and some,
but fewer, false negatives. These findings of
more false positives than false negatives in-
dicate a conservative approach that has
evolved largely by design. For example, using
the Freund’s complete adjuvant test (FCAT),
Klecak and co-workers tested 32 fragrance
materials recognized as human sensitizers and
21 that had been found through common use
to be nonsensitizers (Klecak et al., 1977; Kle-
cak, 1987). In the FCAT, 12 of the 32 sensi-
tizers (38%) were identified as false negatives
while 12 of the 21 nonsensitizers (57%) yielded
false positive results. Using the FCAT for 268
compounds, Klecak reported agreement with
the human-repeated insult patch test on 157
substances and obtained 106 false positives
(40%). Although it is best to err on the side of
safety, excessive false positives increase the
costs of producing marketable products and
keep potentially useful products from being
marketed.

What one would most like is a simple ani-
mal model for ACD that would be predictive
of the most sensitive humans. Such a model
could potentially allow prediction of the results
from a testing trial with a panel of as many as
1000 human subjects through tests with a rel-
atively small number of rodents. Further, if
this were done in a dose-response fashion, this
would provide information much better than
that obtained from a single dose trial. It is also
desirable to have an animal model in which
the mechanisms are the same as those in the
human in terms of percutaneous absorption
and distnibution, hapten/immunogen pro-
cessing and presentation, and development of
a delayed-type hypersensitivity response.

In recent years considerable effort has been
expended toward improving rodent assays for
determination of dermal sensitizing potency
of industrial chemicals, skin care products,

preservatives, fragrance components, and
mixtures. In particular, there has been new
interest in adaptations of the mouse ear swell-
ing assay (MESA) methodology in which mice
previously dosed with the potential sensitizer
are administered a challenge dose on the ear,
whereupon the ear thickness is monitored to
detect the swelling that occurs in conjunction
with a delayed-type hypersensitivity response.
The advantages of the MESA over guinea pig
assays are that (1) mice are less expensive to
purchase and maintain than other species, (2)
the MESA yields quantitative results through
objective measurements which have less pro-
pensity for bias and are more amenable to sta-
tistical analysis, (3) the MESA can be easily
performed by minimally trained technicians,
(4) the immunogenetics of the mouse are bet-
ter known than those of other rodents and
there are a large assortment of mouse im-
munochemicals, (5) inbred strains are readily
available thereby allowing syngeneic transfer
experiments, and (6) extensive data on per-
cutaneous absorption have been published for
mouse skin.

Mouse Ear Swelling Assays

To our knowledge, the published history of
the ear swelling assay goes back to 1967 with
the work of Frenkel, in which the ears of ham-
sters were injected with Besnoitia as a test for
hypersensitivity following infection of these
animals with the same organism by subcuta-
neous injection (Frenkel, 1967). Ear thickness
was measured with a caliper at 4, 24, and 48
hr. The following year this method was
adapted for the CBA mouse, substituting a
topical challenge for the injection and an en-
gineer’s micrometer for the caliper (Asherson
and Ptak, 1968). Since that time the MESA
in many different forms has been used to study
the mechanisms of delayed hypersensitivity
(Bick and Larsen, 1982; Ptak et al., 1985,
Streilein, 1985; Sy et al., 1977), T-lymphocyte
function (Dieli et al, 1985), the immuno-
biology of dermal and epidermal dendritic cells
(Bergstresser et al., 1985; Roberts et al., 1985;
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Toews et al., 1980), effects of ultraviolet irra-
diation on epidermal cell function (Harriott-
Smith and Halliday, 1988; Jun er al., 1988;
Orita, 1987), phototoxicity (Gerberick and
Ryan, 1989), and for testing potential contact
sensitizers (Stadler and Karol, 1985; Maisey
and Miller, 1986; Gad ef al., 1986; Thorne et
al., 1986; Stephens et al., 1987; Cornacoff et
al., 1988; Descotes, 1988; Hignet et al., 1989;
Dunn et al., 1990). It is this latter area which
appears to be the least well established. The
MESA has not been shown to convincingly
predict sensitizing potency for any but the
moderate to potent contact sensitizers and at-
tempts to duplicate some of the published
works have been unsuccessful.

Since Landsteiner and Jacobs began using
guinea pigs as an ACD model in 1935, at-
tempts have been made to augment the sen-
sitivity of the mouse and guinea pig models
for contact allergen testing. Approaches in-
clude (1) methods to increase the delivered
dose, (2) methods to augment the induction
of the immune response, and (3) methods to
enhance the elicitation of the response. Ex-
amples of each of these augmentation ap-
proaches are given in Table 1. Most notable
are multiple dosing, abrasion or tape stripping,
patching, injection dosing, and the use of ad-
juvants.

In 1986 studies were performed of the der-
mal sensitizing potencies and cross-reactivities
of four isocyanate compounds using the non-
invasive MESA (Thorne et al., 1986, 1987).
Isocyanates are recognized as moderate to po-
tent dermal sensitizing agents (Emmett, 1976;
Rothe, 1976). These studies demonstrated
three regions of effects in plots of ear thickness
increase versus log sensitization dose: a no-
effect region, a dose-response region, and a
high-dose reduced-response region. Incidence
data allowed ranking the sensitization poten-
cies of these compounds by determination of
the estimated dose to cause 50% sensitization
(SD50). This procedure produced the follow-
ing SD50 from most potent to least potent:
1,6-hexamethylene diisocyanate, 0.088 mg/kg;
4,4'-dicyclohexylmethane diisocyanate, 0.24
mg/kg; 4,4'-diphenylmethane diisocyanate
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TABLE 1

APPROACHES FOR AUGMENTING THE ALLERGIC
CONTACT DERMATITIS RESPONSES IN ANIMAL MODELS

Methods for increasing the delivered dose

Injection dosing

Use of occlusive patches

Dermal abrasion or use of tape stripping

Chemical irritation of the site (detergents, surfactants)
Maximal concentrations

Optimize vehicles to enhance absorption

Methods for augmenting the induction
of the immune response

Multiple sequential dosing

Use of adjuvants

Multiple routes of administration
Cyclophosphamide

Vitamin A

Removal of quenching substances from mixture

Methods for enhancing the elicitation of the response

Challenge at the highest nonirritating dose or the lowest
irritating dose

Challenge by intradermal injection

Challenge by closed patch

Pretreat ears with solvent or vasodilators

Optimize vehicles to enhance absorption

(MDY), 0.73 mg/kg; and toluene diisocyanate
(TD], 80%/20%, 2,4/2,6 isomers), 5.3 mg/kg.
Although these studies did not focus on the
high-dose reduced-response region the data
indicated that the response to MDI was re-
duced 55% when the dose was increased from
37 to 187 mg/kg and the responses to high
doses of TDI were reduced 63 and 75% with
5- and 100-fold increases in dose from 37 mg/
kg, suggesting that supraoptimal dosing can
lead to false negative determinations. In this
work the MESA proved to be an effective
method for studying ACD in a manner which
mimicked industrial exposures. No injections,
abrasion, occlusion, or adjuvants were used
and the single sensitizing doses were applied
to 12% of the body surface of the mice. This
corresponded to a human exposure to the
hands and forearms.

Variations of the MESA for use in contact
allergy testing have been studied by a number
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of investigators in the past five years (Gad et
al., 1986; Stephens et al., 1987; Cornacoff et
al., 1988; Descotes, 1988; Hignet ef al., 1989;
Dunn et al., 1990), but no consensus has
emerged as to whether there is a mouse
method as good as those available in the guinea
pig, particularly for weak sensitizers. However,
as detailed under Discussion, all of these in-
vestigators have utilized invasive approaches
in an attempt to augment the responses and
in so doing have created an artificial system
that may respond less well than the intact an-
imal with noninvasive enhancements to the
methods. In these studies, dose-response re-
lationships were not sought and single high
concentrations were used for induction. Thus,
dosing may have run into the down-regulated
response region (Claman et al.,, 1980; Bergs-
tresser et al., 1985). Further, it is possible that
the daily dose regimen induced tolerance
among these animals, further lowering the re-
sponses. Whatever the reasons for the unreli-
able data obtained for weak and moderate
sensitizers, the conclusion derived from these
invasive studies (Cornacoff et a/., 1988; Hignet
et al, 1989; Dunn et al, 1990) is that the
mouse models are unreliable or unsuitable for
ACD testing.

Hypervitaminosis A as an Enhancer of ACD
Responses

Despite the failures with the MESA de-
scribed above, successful use of the MESA in
our earlier work with isocyanates convinced
us of the potential of the noninvasive MESA
as a screening assay for ACD. Earlier reports
of successful augmentation of ACD responses
using vitamin A (vit A) supplementation
prompted us to look further into this ap-
proach.

There has been a great deal of interest in
vit A supplementation and its effects on cell-
mediated immunity over the past 2 decades.
Vitamin A has been shown to induce epider-
mal hyperplasia in mice (Conner et al., 1986),
guinea pigs (Chrstophers, 1970), and humans
(Plewig and Braun-Falco, 1975), primarily

within the stratum spinosum and stratum
granulosum by stimulating cell production
(Conner and Lowe, 1983). Vitamin A stimu-
lates most cell-mediated immune responses as
evidenced by enhanced host-versus-graft reac-
tivity (Jurin and Tannock, 1972; Malkovsky
et al., 1983b), specific antitumor immune re-
sponses (Medawar and Hunt, 1981; Malkov-
sky et al., 1983a; Dennert, 1984; Tachibana
et al., 1984; Watson et al., 1987), and dermal
delayed-type hypersensitivity reactions (Miller
et al., 1984). Experimental deficiency of vit A
has been shown to decrease delayed-type hy-
persensitivity responses to DNFB (Smith er al.,
1987). It appears that some immune responses
are reduced by vit A supplementation. These
include primary IgM responses (Barnett,
1983), mitogen-induced lymphocyte prolif-
eration (Bauer and Orfanos, 1981), and
phagocytosis of opsonized cells (Rhodes and
Oliver, 1980). However, vit A increases the
influx of circulating lymphocytes into the
draining lymph nodes and increases DNA
synthesis within these nodes (Dresser et al,
1970). Increased numbers of macrophages
were observed in retinyl palmitate-supple-
mented mice in the lung (Tachibana et al,
1984) and in the peritoneum (Watson et al.,
1987). Katz et al. (1987a,b) noted an increase
in the overall numbers of accessory cells in the
draining lymph nodes and established a cor-
relation between the number of dendritic cells
and the degree of increased sensitization in vit
A-fed mice compared to controls for two doses
of oxazolone. Vitamin A-induced activation
of macrophages requires mature T-cells (Wat-
son and Moriguchi, 1989) since vit A-induced
inhibition of tumor growth is not observed in
thymectomized animals (Patek er al., 1979)
and administration of antiserum to T-lym-
phocytes can reverse enhanced immune re-
sponsiveness (Dennert e al., 1979). The
chemopreventive and therapeutic efficacy of
a synthetic vit A analog, |3-cis-retinoic acid,
has been demonstrated in a clinical trial (Hong
et al., 1990). In this experiment, patients with
a primary oral cancer were treated with the
vit A analog which significantly reduced the
incidence of second regional primary tumors.
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The emerging picture is that hypervitaminosis
A augments cell-mediated immune respon-
siveness and that this fact can be exploited
therapeutically.

Miller and co-workers investigated the use
of vit A-supplemented diet as a means for
augmenting the sensitivity of the MESA
(Miller et al., 1984). BALB/c mice received
either a standard diet or a diet high in vit A
acetate for 4 weeks. These investigators found
that mice receiving the supplemented diet
demonstrated ACD responses to topical chal-
lenge doses of oxazolone, a potent sensitizer,
that were too low to induce sensitization in
the mice fed the standard diet. In a follow-up
study Maisey and Miller (1986) evaluated the
sensitizing properties of 12 fragrances, four
preservatives, and one medicament using the
MESA with vit A-supplemented mice and six
induction treatments. Parallel experiments
with mice fed a regular diet were not per-
formed and the bases for selections of sensi-
tization and challenge doses were not specified.
For eight of the compounds comparison was
made to the guinea pig maximization test
(GPMT). Agreement between the two tests was
observed in four of eight cases, with the MESA
yielding a positive determination and the
GPMT negative in three of the other four
cases. It was further noted that two of these
latter three compounds gave positive results
in human patch testing,

Aims of the Current Study

Two specific aims were identified for the
current study. The first aim was to fine tune
the noninvasive MESA by developing the
complete dose-response of a potent sensitizer,
dinitrofluorobenzene, and then characterizing
responses to this compound at exceedingly low
concentrations. From these low-dose data the
SD50 would be determined. The second aim
was to use dinitrofluorobenzene at the SD50
to investigate two noninvasive techniques for
increasing the sensitivity of this assay: triple
dose protocols and hypervitaminosis A. A
companion study (Thorne er al., 1991) tested
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the MESA for its ability to identify weak sen-
sitizers using fragrances and complex fragrance
mixtures using these noninvasive enhance-
ments.

METHODS

Animals. Male BALB/cBy mice, 6 to 8 weeks old (The
Jackson Laboratory, Animal Resources, Bar Harbor, ME),
were used for nearly all the experiments. Some of the
DNFB dose-response studies used male BALB/c mice,
also 6 to 8 weeks old (Harlan Sprague-Dawley, Inc., In-
dianapolis, IN), due to the unavailability of BALB/cBy
mice following the fire at The Jackson Laboratory. All
animals were housed in stable groups of four or five under
approved conditions in polypropylene cages with wood
shavings bedding and with food and water supplied ad
libitum in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 86-
23). The regular diet for the mice was a laboratory grade
chow (Formulab Chow No. 5008, Purina Mills, Inc.,
Richmond, IN) that comes minimally supplemented with
vit A. Carotene content was primarily from alfaifa and
was less than 4.5 ppm and vit A acetate or palmitate was
added to this feed by the manufacturer to a level of 15
1U/g feed. The mice fed an enhanced vit A diet received
Special Mix 5751-A made from Formulab Chow No. 5008
modified to contain an additional 255 IU/g feed of vit A
acetate (Purina Mills, Inc.). This feed was stored at 4°C
and supplied fresh every other day. Mice were weighed
periodically to ensure proper weight gain.

Chemicals. Test chemicals were as follows: 2,4-dinitro-
fluorobenzene, DNFB, 99% [70-34-8); and 2,4-dinitro-
chlorobenzene, DNCB, 99+% [97-00-7]. Both were pur-
chased from Aldrich Chemical Co., Inc. (Milwaukee, WI).
HPLC grade acetone was obtained from Fisher Scientific
(Pittsburgh, PA). The DNFB and DNCB were stored des-
iccated at room temperature. The material used for de-
pilating the abdomen of the mice, Depilon Soft Epil from
Hamol International (Cologne, FRG), was formulated
from calcium thioglycolate, lanette wax, and strontium
hydroxide.

Irritation dose-response. It is advantageous to use a
challenge dose that produces no measurable irritation at
24, 48, and 72 hr. Thus, the highest nonirritating dose was
determined by developing an irritation dose-response
curve for each compound. Groups of mice (usually five
mice/group) received 40 gl applications to the ear of var-
ious concentrations of test compound in vehicle. The
swelling of each ear was then assessed (as described below)
at 1 to 2 hr and at 24, 48, 72, and 96 hr following appli-
cation and irritation dose-response curves were con-
structed. The ear thickness increase (ET1) for each mouse
was then determined by averaging the swelling measured
at 24, 48, and 72 hr. The mean and standard deviation
ETI responses for each group of animals were computed
and an upper confidence bound was determined by sum-
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ming the mean and twice the standard deviation. A chal-
lenge dose that yielded an upper confidence bound that
could be reliably assessed, but still be below the range typ-
ically seen with mild irritation, was selected. This upper
confidence bound then served to define a positive response
in the sensitization studies. In this way, positive responses
could be distinguished from irritation responses with 95%
certainty.

Sensitization dosing. A summary of the methods for
determination of contact sensitization potency is provided
in Table 2. On the day prior to the sensitization, the mice
were depilated by applying approximately 0.8 g of Depilon
and washing it off S min later with a soft sponge and warm
water. On Day 0O of each experiment, 100 ul of vehicle
containing the desired molar amount of test compound
was applied, using a glass-tipped pipette, to a 3 by 3<m
area of the depilated abdomen of the mice. Each mouse
was held until all the test compound had been absorbed
(usually about 4 min).

Elicitation challenges. On Day 5 the thicknesses of both
ears of all mice were determined using an Oditest low-
tension, spring-loaded micrometer with 0.5-cm-diameter
pads (Model D-1000, Dyer Co., Inc., Lancaster, PA).
Triplicate measurements of each ear were taken with the
micrometer pad on the anterior lateral aspect of the ear
surface with the edge of the micrometer pad 2 mm from
the outer edge of the ear. These measurements were per-
formed quickly and without the need of anesthesia. Other
mouse strains were less tolerant of this but the BALB/cBy
mice remained calm during this procedure. The mice were
then challenged on their left ear with vehicle only and on
their right ear with the previously determined nonirritating
dose of the test compound dissolved in 40 ul of the vehicle.
The challenge dose was delivered from a glass-tipped pi-
pette while the ear was gently extended with forceps. Half
of the challenge solution was delivered to each side of the
car. The extent of mouse ear swelling was then assessed
by comparison of the mean thickness of the ear at 24, 48,
and 72 hr following challenge with the mean thickness
just prior to challenge. Significant ear swelling was defined
as an ETI exceeding the upper confidence bound defined
in the irritation dose-response studies.

Triple-dose protocols. The protocol for sensitization us-
ing multiple dosing followed the same procedure as out-
lined above, except that mice received the 100 ul topical
dosing to the abdomen on each of 3 days and were then
challenged 5 days after the final induction dosing.

Vitamin A supplementation assays. For the vit A sup-
plementation protocol, mice were placed on the vit A-
enhanced diet for 21 days prior to challenge and were
maintained on this diet throughout the experiment. In
every other way these groups were treated identically to
groups on the regular feed. Body weight was carefully
monitored in these groups to ensure normal weight gain.

Data analysis. Statistical analyses were all performed
using PC SAS (Version 6.03) except for one-way ANOVAs
which used UNIX|STAT software (G. Periman, Wang In-
stitute, Tyngsboro, MA). Simple summary statistics were

TABLE 2

SUMMARY OF THE MOUSE EAR SWELLING ASSAY

Animals

Inbred BALB/cBy mice, 6 to 8 weeks are used in groups
of four or five.

Day 0

Abdomen is depilated and washed, then allowed to dry.
Induction dose is applied to abdomen in 100 pl volume.

Day §

Baseline ear thickness is measured with a spring-loaded,
low tension micrometer, three times each ear.

40 ul of test compound diluted to highest nonirritating
concentration is applied to the right ear; 40 ul of the
vehicle to the left ear.

Ear thickness is measured at 1, 24, 48, 72, and 96 hr
postapplication and the ear thickness increase is the
mean of 24, 48, and 72 hr values.

determined from the database using statistical utilities
within Paradox 3.0.

RESULTS

The noninvasive mouse ear swelling assay
was found to be an effective test system for
the study of ACD for potent sensitizers at all
doses, including those at which the magnitude
of the responses were what one would observe
with a weak sensitizer. However, a number of
details of the methodology were found to be
essential to the success of the MESA. The mi-
crometer used for the determinations was im-
portant. Several different micrometers were
tested, including one with a digital readout and
RS232 output. These devices did not provide
the consistency and ease of handling of the
modified Oditest which has been widely used.
It was important to get the Oditest micrometer
adjusted to exert enough pressure to close fully
on the ear but not so much that the ear would
be unduly squeezed. In addition, having all
ear thickness measurements performed by one
person increased the reliability of the results.
No anesthesia was used in this study, either
during dosing or during ear measurements.
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FIG. 1. Irritation response timecourse for DNFB. Mouse ears were dosed with 40 gl of the concentration
indicated and the ear thickness increase from the preexposure value was determined over time. On the basis
of the upper confidence bound obtained from these data (Table 3), 0.1% was chosen as the challenge con-

centration for the sensitization studies.

With proper handling, the BALB/cBy and
BALB/c mice remained calm while ear mea-
surements were made. Other strains tested
(data not reported) did not so willingly submit
to the measurements.

Analysis of prechallenge data for all mice
in all groups indicated that the thickness of
the untreated ears prior to challenge was es-
sentially the same: 0.296 £ 0.010 mm for the
left ears and 0.299 + 0.011 mm for the right
ears (coefficient of variation = 3.5%, N = 252).
Within individual groups of mice the average
standard deviation from the mean ear thick-
ness was 0.0066 mm for the left ears and
0.0064 mm for the right ears. Cook’s distance
regression diagnostic (Kleinbaum ez al., 1988)
was used to flag outliers in the preexposure
data set. Five animals were identified as having
had baseline ear thicknesses outside of the es-
tablished normal limits (i.e., in the upper 5%
of the F distribution). Three of these five an-
imals had been noted in the laboratory note-
books as having “red ears” at the time of the
preexposure measurement but had been used
anyway. On this basis, these three were deleted
from the database and the total N dropped
from 255 to 252.

For ACD experiments the left ears of the
animals were challenged with acetone alone

while the right ears received the test compound
diluted in acetone. The average ETI for all of
the ears dosed with acetone only was 0.001
+ 0.006 mm. This was found to be not sig-
nificantly different from zero.

Determination of the Dose-Response for
DNFB

With an ultimate goal of trying to optimize
the MESA to elicit positive responses with
weak sensitizers, we chose to first develop a
detailed dose-response curve for a potent sen-
sitizer and then use this compound at very
low doses and attempt to enhance the re-
sponses. To this end we performed an irrita-
tion dose-response trial to identify the proper
challenge dose and then determined the de-
layed hypersensitivity responses to DNFB at
12 different sensitization doses in the single
dose protocol.

Data for the DNFB irritation study are pre-
sented in Fig. 1 and Table 3. Three doses were
studied for irntation potency: 0.05, 0.1, and
0.25%. The timecourse plot of the responses
(Fig. 1) illustrates that ear swelling was mini-
mal or nonexistent at all time points for all
doses except for the 0.25% concentration at 1
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TABLE 3
IRRITATION DOSE-RESPONSE RESULTS FOR DNFB

Concentration Mean ETI* Upper confidence bound

(%w/v) (mm, X(£SD)) (mm, £+ 2SD)
0.25 0.013 (0.015) 0.044
0.10 0.007 (0.006) 0.020
0.05 0.006 (0.003) 0.011

Note. SD, standard deviation.

“ Ear thickness increase computed by averaging the
change from the prechallenge value at 24, 48, and 72 hr
postexposure. The value tabulated is the group mean.

hr which displayed slight irritation. As shown
in Table 3 the mean ETI for these three con-
centrations was 0.006, 0.007, and 0.013 mm,
respectively, yielding upper confidence bounds
of 0.011, 0.020, and 0.044 mm. Since chal-
lenge with the vehicle alone yielded a response
0of 0.001 £+ 0.006 mm and an upper confidence
bound of 0.013 mm, 0.1% was selected as the
challenge concentration. Thus, in the ACD
protocol an ETI in excess of 0.020 mm would
be regarded as a positive response. In our ex-
perience 0.020 mm represents about the lowest
ETI value that can be reliably detected in an
ACD test with groups of five mice. Had we
chosen to challenge with the 0.25% solution
we would have unnecessarily reduced the sen-
sitivity of the assay by allowing irritation re-
sponses to mask immunologic responses.
The timecourse data for DNFB sensitization
dose-response studies are shown in Figs. 2a
and 2b. Figure 2a illustrates data for three high
doses in BALB/cBy mice with all responses
much greater than those of the control group
which was administered acetone only (0%
DNFB) on Day 0 and then challenged with
0.1% DNFB in the same manner as the other
groups. These data display a negative dose-
response relationship. Figure 2b illustrates that
below 0.1% the responses displayed a positive
relationship between dose and ETI and in
general had their peak at the 48 hr timepoint
(0.005, 0.001, and 0.0001% and some early
and late timepoint data were left out for clar-
ity). The data displayed in Fig. 2b were ob-
tained using BALB/c mice due to the unavail-

ability of mice from The Jackson Laboratory
at that time. Comparison of the 0.1% data in
Figs. 2a and 2b indicates a trend toward greater
responsiveness of the BALB/cBy mice, al-
though this was not significant. In these stud-
ies, ear thickness was measured at six time-
points. Although it was not necessary to es-
tablish the timecourse of the response by
making this many determinations, it was of
interest to gain as thorough an understanding
of the responses as possible. Although the peak
response occurred at the 48 hr timepoint,
analysis of the data several different ways
showed that the greatest sensitivity was ob-
tained when the ear swelling was based upon
the mean of the individual responses at 24,
48, and 72 hr postchallenge.

The complete dose-response plot indicating
the group means (=1 SD) is shown in Fig. 3.
Three regions of effect are delineated: a low-
dose no-effect region below 0.0005%, a positive
dose-response region from 0.0005 to 0.1%,
and a high-dose down-regulated response re-
gion above 0.1%. The least-squares regression
line fitting the data from 0.0010 to 0.1%
yielded a correlation coefficient, r, of 0.82. The
data in Fig. 3 are plotted in Fig. 4 as an inci-
dence plot with the percentage of the mice
yielding positive responses (ETI > 0.020 mm)
plotted against sensitization concentration.
The regression line is based on the data from
0.0005 to 0.0025% (r = 0.98), and upon in-
terpolation to the 50% responding point,
yielded a predicted SD50 of 0.00104% (0.040
mg/kg). Estimation of the SD50 in the early
phase of the study suggested an approximate
value of 0.0015%. In the final analysis, this
value was found to correspond to the SD63.
However, throughout the study 0.0015% was
used as the SD50.

Studies of MESA Enhancements Using DNFB
at the SD50

To test modifications of the MESA protocol
designed to enhance the sensitivity of the assay
we chose to utilize DNFB at its SD50, reason-
ing that if a modification did increase the sen-
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Fi1G. 2. (a,b) Sensitization dose-response timecourse for DNFB. (a) Responses upon challenge to three
high sensitization doses, in addition to the control group (0%) that was given acetone at sensitization. All
groups of mice were challenged with 0.1% on Day 5. The data demonstrate that as the dose was increased,
the degree of ear swelling fell. Significant hypersensitivity reactions were still apparent at 96 hr postexposure.
(b) Swelling following ear challenge of groups of mice sensitized with the lower concentrations listed. A
positive dose-response relationship is indicated and the peak response, in most cases, was observed at 48 hr

postexposure.

sitivity it would result in higher levels of ear
swelling and greater percentages of mice dem-
onstrating positive responses. If suppression
of responses were the outcome, then ear swell-
ing would be insignificant and the positive re-
sponses would fall significantly since the slope
of the regression line in Fig. 4 is quite steep.
Although a potent sensitizer dosed at its SD50
is not necessarily equivalent mechanistically
to a weak sensitizer administered at high con-
centrations, this approach did allow us to sys-

tematically study the enhancement protocols
in a system for which the outcomes were re-
producible and well characterized and one for
which multitudes of data exist using other an-
imal and human test systems for ACD.

In this phase of the research, two hypotheses
were developed: (1) multiple dosing does not
enhance responses, but (2) high-dose vit A
supplementation does enhance delayed-type
hypersensitivity in the mouse. The first hy-
pothesis had not been systematically evaluated
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FiG. 3. Sensitization dose-response curve for DNFB. The data indicate a no observed effect level of
0.0004% (0.016 mg/kg), a dose-response range from 0.0005 to 0.1%, and a high-dose reduced-response
range above 0.1%. Many “maximization” studies with DNFB have naively used sensitization doses in the
reduced-response region. Data points are group means and error bars represent + 1 SD. The correlation

coeflicient for the regression was r = 0.82.

in the literature in an adjuvant-free mouse as-
say. However, our experience with isocyanates
in the MESA (unpublished data) had dem-
onstrated little enhancement with multiple
doses and no success with rechallenges. Other
investigators routinely use multiple dose pro-
tocols but may not have tested their efficacy.
The body of literature demonstrating that vit

A stimulates most cell-mediated immune re-
sponses and especially the studies of Miller and
co-workers (1984) with oxazolone bolstered
our confidence in the validity of hypothesis 2.

To test the first hypothesis, three triple dose
protocols were used: a Day 0, 1, and 2 dosing
regimen; a Day 0, 2, and 4 regimen; and a Day
0, 3, and 5 regimen. At each of the three dos-

100 a ] [} | ) | ] ]
o]
£ 801
°
c
o
% 80
g predicted
p= 8D 0.00104
c °v.
o 401 . 50
15}
L.
[+]
o
20 1
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0.010 0.100

Sensitization Concentration (%w/v)

FIG. 4. Sensitization dose-response incidence plot showing the percentage responding in each group of
mice versus DNFB sensitization dose. The regression line (r = 0.98) yielded a predicted SD50 of 0.0010%
(0.040 mg/kg) and an SD100 of 0.0028%. The ear thickness increase (averaged over 24, 48, and 72 hr)
required for a positive response to DNFB was 0.020 mm.
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ings 100 ul of the SD50 was applied to the
abdomen. These resuits were then compared
with single dose groups run in parallel that
were dosed just once. All four of these groups
were challenged 5 days following the last dose.
Table 4 shows that the mean ETI for the Day
0, 3, 5 regimen and the Day 0, 2, 4 regimen
were not significantly different than the single
dose protocol, with all falling in the range of
0.024 to 0.029 mm. The Day 0, 1, 2 triple
dose protocol was somewhat lower. The p val-
ues from paired ¢ tests indicated that none of
the triple dose approaches produced ear swell-
ing significantly different from the single dose
approach. The single dose and nonsequential
day, multiple dose protocols all yielded about
60% positive responses. The group of five mice
that received doses on three sequential days
yielded only 20% positive responses, indicating
possible tolerization.

The second hypothesis, that the sensitivity
of the MESA might be enhanced by vit A sup-
plementation, was tested also using DNFB at
the approximate SD50. Mice of the same age
and shipment were divided into two groups:
one received the regular feed and the other
received the vit A-supplemented formula.
Neither the weight gain nor the final weights
of animals fed the special diet were signifi-
cantly different from those of the mice main-
tained on the regular feed. No changes in
physical appearance or behavior were noticed.
Although no determinations of actual vit A

THORNE ET AL.

dose were made, the estimated quantity of vit
A consumed was 1000 to 1300 IU/day/mouse.
Dosing for both groups began after the mice
had been on their respective diets for 3 weeks.
In addition, the vit A-supplemented animals
were tested in both the single dose and the
Day 0, 3, 5 dose protocol to further test hy-
pothesis 1.

The results of the vit A experiments are pre-
sented in Fig. 5 and Table 5. One can see from
Fig. 5 that the vit A-supplemented group
demonstrated the same response timecourse
as the regular feed group but had greater ear
swelling at all timepoints. Mean ETI values
given in Table 5 show that for both the single
dose and triple dose protocol the vit A treat-
ment nearly doubled the ear swelling response
with high significance (p < 0.001). As was seen
with the regular feed in Table 4, there was no
significant difference in ETI between the single
and triple dose protocols for the vit A-supple-
mented groups. Both the regular feed groups
demonstrated about 63% positive responses
versus greater than 94% positive responses for
the vit A-supplemented groups. The triple dose
protocol also failed to enhance the responses
in the animals fed the vit A-supplemented diet.
On the basis of these data, the multiple dose
protocols examined did not enhance the re-
sponses, but 3 weeks consuming the vit A-
supplemented feed increased the ETI by 80%
and resulted in nearly all mice exhibiting pos-
itive responses at the SD50.

TABLE 4

TRIPLE DOSE PROTOCOLS COMPARED TO THE SINGLE DOSE PROTOCOL FOR DNFB
(ALL DOSES AT THE SD50,% 0.0015%)

Single dose Days 0,3, 5 Days 0, 2, 4 Days 0, 1,2
Mean ETL? mm 0.024 0.029 0.025 0.016
SD,* mm 0.009 0.022 0.007 0.010
% Positive 63 62 60 20
N 19 13 5 5
p value? ref. 0.46 0.82 0.08

¢ Sensitization dose that produced significant delayed-type hypersensitivity responses in half the test animals.

b Ear thickness increase (See footnote to Table 3).
 Standard deviation.

4 Each triple dose group compared to the single dose group (ref.).
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TABLE 5

VITAMIN A SUPPLEMENTATION COMPARED TO THE REGULAR FEED FOR THE SINGLE DOSE PROTOCOL
AND A TRIPLE DOSE PROTOCOL (ALL DNFB DOSES AT THE SD50* 0.0015%)

Single dose Days 0, 3, 5
Regular feed Vitamin A Regular feed Vitamin A
Mean ETL,> mm 0.024 0.047 0.029 0.047
SD, mm 0.009 0.017 0.022 0.015
% Positive 63 94 62 100
N 19 18 13 9
p value? ref. <0.001 0.46 <0.001
p value® ref. 0.97

9 See Table 4 footnote °.
5 Ear thickness increase (see footnote to Table 3).
¢ Standard dewviation.

4 Each group compared to the single dose, regular feed group (ref.).
¢ Triple dose, Vitamin A group compared to the single dose, Vitamin A group.

To ensure that these results would hold with
another sensitizer at levels other than the
SD50, an experiment was conducted in which
DNCB was used as the test compound for mice
on the regular and special diets. Three doses
were tested: a low dose close to the SD50, a
higher dose on the dose~response curve, and
a very high dose in the down-regulated re-
sponse region. In this study the single dose
protocol was used with five mice per group
and the challenge concentration was 0.5%. As
shown in Fig. 6 the vit A supplementation
produced significantly higher responses in all
three regions. These increases over the regular
feed groups were 52% for the low dose (p
< 0.05), 86% for 0.1% (p < 0.05), and 280%
for the high dose (p < 0.01). Thus, vit A sup-
plementation was again shown to increase
ACD responses.

The above studies demonstrated that the
noninvasive MESA was an effective technique
for studying ACD potency for known sensi-
tizers, even at the very low concentrations
which do not produce detectable ACD with
other techniques. Second, it was shown that
dose-response studies are necessary to char-
acterize the responses and avoid the high-dose
reduced response region. Third, it was dem-
onstrated that triple dose protocols either had
no effect or tended to reduce the ear swelling.

Lastly, both the degree of ear swelling and the
incidence of positive responses were enhanced
by supplementing the diet with vit A for a pe-
riod of 3 weeks.

DISCUSSION

The overall goal of this study was to validate
and refine the MESA with a potent sensitizer
and then test several noninvasive enhance-
ments to the method using the same com-
pound at very low doses. Using the strong sen-
sitizer DNFB, we characterized its sensitizing
potency across a four order of magnitude range
of doses and determined the no-observed effect
level, 0.0004% (0.016 mg/kg); the sensitization
dose-response range, 0.0005 to 0.1% (0.020
to 4.0 mg/kg); and the high-dose reduced re-
sponse range, above 0.1% (4.0 mg/kg). This
approach also allowed determination of the
SD50, 0.040 mg/keg, and showed that DNFB
1s a more potent sensitizer than all four iso-
cyanates tested previously (Thomne et al,
1986). At the SD50, the mean ear swelling for
the group was 0.020 mm and for mice dem-
onstrating positive responses it was 0.037 mm.

Enhancement studies were conducted at the
SD50. This allowed identification of small
changes in assay sensitivity in terms of both
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FI1G. 5. Low level sensitization response timecourse for mice maintained on the regular feed or on the vit
A-supplemented feed for 3 weeks prior to sensitization. The plot compares responses of groups of animals
sensitized at the SD50 or to acetone only (regular feed 0%). The vit A supplementation produced responses
that were significantly greater than those observed for mice on the regular feed diet at all time points beyond

2 hr.

the ETI and the percentage positive responses.
Using this approach, it was found that three
different triple dose protocols did not improve
the assay but that supplementing the feed with
vit A for 3 weeks prior to sensitization signif-
icantly increased the sensitivity of the method.
In a companion paper (Thorne et al., 1991)
we have shown that the enhancement using

vit A supplementation also increased the sen-
sitivity of the assay for weak contact sensitizers
(fragrances) and mixtures of weak sensitizers
(fragrance formulations). Comparison of this
method to those in other species with a limited
number of fragrance compounds indicates that
this method has comparable sensitivity to var-
ious guinea pig and human test protocols.
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FIG. 6. Sensitization dose-response curve for DNCB comparing mice fed the regular diet with those given
the vit A-supplemented diet. The three doses tested were chosen to cover the full range of responses. Error
bars indicate 1 SD (N = 5 mice/group). Differences between the vit A and regular feed groups were
significant at 0.01 and 0.1% and highly significant at 1.0%.
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Human patch testing with DNCB is nearly
always positive with a dose of 100 ug (Hunter
et al., 1986). This same dose, delivered as a
0.1% concentration in the MESA, produced
delayed-type hypersensitivity in all mice.
When guinea pigs were patch tested or in-
jected intradermally with 0.1% DNFB all of
the animals demonstrated positive responses
(Maurer, 1985). Rather than compare single
point data, it would be of interest to compare
ACD dose-response curves for DNFB across
species and methods. However, few investi-
gators have reported dose-response curves for
any contact sensitizers and the data for such
a comparison in the case of DNFB are un-
available.

Several other studies have been directed to-
ward developing some form of the MESA as
a testing protocol for potential contact sensi-
tizers. An invasive variation of the MESA was
used to evaluate the sensitizing properties of
72 industrial chemicals, fragrances, and pre-
servatives, represented by 49 moderate to po-
tent sensitizers and 23 compounds recognized
as nonsensitizers (Gad et al., 1986). This assay
employed female CF-1 mice which were in-
jected twice intradermally on Day 0 with
Freund’s complete adjuvant at the induction
site. Topical doses of test material were applied
to the shaved and tape-stripped abdomens on
4 consecutive days. On Day 7 mice were chal-
lenged with 20 ul of test or control solutions
to each ear. Ear thickness increase was assessed
under ether anesthesia at 24 and 48 hr with
the 24 hr values used to calculate response
levels. It was reported that using this protocol,
71 of the 72 compounds were correctly iden-
tified as sensitizers (48 of 49) or nonsensitizers
(23 of 23). DNFB and DNCB were among
those sensitizers tested by Gad et al. (1986)
and found to produce significant swelling.
These investigators report 168% swelling at 24
hr for DNFB and 130% for DNCB. The per-
centage ear swelling was calculated such that
zero change in ear thickness upon challenge
was assigned a value of 100% ear swelling.
These investigators reported fluctuations in
baseline ear thickness measurements corre-
sponding to a coefficient of variation of 15.8%.

This was considerably higher than our value
of 3.5%. The method of Gad et al. (1986) re-
quired a 20% increase in ear thickness to be
judged a positive response (p < 0.001). In this
study a 7% increase (0.020 mm) was accepted
for the determination of a positive response
(p < 0.03).

Attempts to independently confirm the re-
sults of Gad et al. (1986), particularly for weak
and moderate sensitizers, have been unsuc-
cessful despite the efforts of several investi-
gators (Stephens et al., 1987; Cornacoff ef al,
1988; Hignet et al., 1989; Dunn e al., 1990).
Although there were notable problems in some
of these studies, it is unclear why Dunn and
co-workers did not obtain results similar to
those of Gad et al. A follow-up study by Gad
et al. (1987) demonstrated interlaboratory
variability among five laboratories for two
weak sensitizers. The groups that conducted
the work reported by Dunn et al. were among
those tested by Gad et al. In the study by Cor-
nacoff et al. (1988) using a modified MESA,
the enhancing modifications apparently de-
creased responsiveness in that DNFB, a model
potent sensitizer (Asherson and Ptak, 1968;
Sy et al., 1977; Claman et al., 1980; Botham
et al., 1987; Fairchild and Moorhead, 1987,
Halliday and Muller, 1987; Robertson et al.,
1987; Thorne et al., 1990), induced only neg-
ligible ear swelling. The problems encountered
by Cornacoff et al. could have arisen from (1)
their use of Rompun and Ketaset anesthesia
at sensitization and 1 day prior to challenge,
(2) other injections administered to these mice,
(3) casting of the mice, (4) two site intradermal
injections of Freund’s complete adjuvant, or
(5) determination of ear swelling in dead mice.
These authors stated that MESA results are
influenced by edema and individual interpre-
tation. When the mouse ears are challenged
with a nonirritating dose there is no edema
attributable to irritation. The opposite ear,
challenged with vehicle only, acts as a control
for identification of edema. Individual inter-
pretation is a problem in guinea pig and hu-
man skin testing where results are given sub-
jective grades rather than with the MESA
which yields objective parametric values. A
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study was conducted by Hignet et al. (1989)
to compare the mouse ear swelling test to a
guinea pig sensitization test. In this work, mice
were dosed on the abdomen daily for 3 con-
secutive days after which they were challenged
6 or 7 days later. Two potent sensitizers were
evaluated: DNCB and hydroxylamine hydro-
chloride. These investigators obtained positive
results with DNCB but found that only 10%
of the animals were sensitized to HAHCI at
333 mg/ml (33.3%, w/v). Hignet et al. (1989)
noted difficulty with consistent readings and
as a result levels of ear swelling required for a
positive response were quite high. The study
conducted by Dunn et al. (1990) most closely
duplicates the methods reported by Gad et al,,
perhaps because Dunn was a co-author on the
1986 report (Gad et al., 1986). Dunn and co-
workers tested three negative control com-
pounds and 7 sensitizers in two test labora-
tories and 16 other sensitizers in one of two
test laboratories. They obtained agreement
with the earlier study on only half of the test
compounds. Unfortunately, this paper pre-
sented only the number of positive responses
in each group of animals and provided no ear
swelling data for exposed or control animals.
Thus, it is difficult to assess the validity of the
methods and analyses employed.

Nevertheless, these attempts to duplicate the
findings of Gad et al. (1986) illustrate the dif-
ficulty in obtaining consistent results with in-
vasive MESA protocols. All of these studies
employed multiple dosing on sequential days.
Our results bring into question the need for
multiple dosing and indicate that dosing on
sequential days may tolerize the animals to
some degree. The studies by Gad et al. (1986)
and Dunn et al. (1990) used single DNFB sen-
sitization doses that were very high (0.5%). As
shown in Fig. 3 this concentration is well
within the supraoptimal dose region and
would yield artificially low predictions of the
sensitizing potency of the compound.

The work reported here served to validate,
refine, and enhance the noninvasive MESA.
As a first step toward gaining acceptance, a
method for ACD testing must be validated us-
ing potent, moderate, and weak sensitizers as

THORNE ET AL.

well as nonsensitizers. Research presented in
the companion paper (Thorne et al., 1991)
builds on the studies presented here and re-
ports tests of the noninvasive MESA using
weak sensitizers and mixtures.
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