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Efforts are under way to develop a phenotypic analysis assay capable of identi-
fying and d ifferentiating chem icals with the potent ial to induce irritat ion and
IgE -m ediated and T-cell–m ediated sensitization . These stud ies com pare results
obtained with the irritancy/ phenotypic analysis assay to those obtained in the
m ouse ear-sw elling test (MES T ) and the local lym ph node assay (LLN A). Fe-
m ale BALB/ c m ice (5 anim als per group) were exposed topically to the hum an
sensitizers 2,4-d in itroch lorobenzene (DN CB) and potassium dichrom ate (PDC)
as well as the irritant m ethyl salicylate (MS C), follow ing the protocol for each
assay. DN CB was identi� ed as a sensitizer in the LLN A and phenotypic analy-
sis assay at concen trations as low 0.25%. In the MES T, DN CB was considered
positive in concen trations as low as 0.01 and 0.05% at the 24- and 48-h m ea-
surem ents of the MES T, respectively. PDC tested positive as a sensitizer in the
LLN A and the phenotypic analysis assay at concentrations as low as 0.25 and
0.1%, respectively. In the MES T, PDC was negative at the 24-h tim e poin t and
tested positive only at the 48-h m easurem ent at the h ighest concentration tested ,
0.5%. Both DN CB and PDC induced an elevation in total serum IgE at the 0.5%
concen tration s. MS C was negat ive for sensitizing potential at all concen tration s
tested in all four assays. Phenotypic analysis of lym ph node cells rem oved from
an im als dosed with the three chem icals gave resu lts sim ilar to the LLN A, bu t
had the advantage of detecting chem icals w ith the capacity to induce an increase
in the IgE + cell popu lation .
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Ke yw ords B220, cont act hypersensitivity, � ow cytom et ry, IgE , LLNA,
MEST.

Histor ica lly, regu la tory agencies have u t ilized gu inea pig test s for haz-
ar d iden t i� ca t ion of chemica l sensit izers. Like the gu inea pig a ssays,
t he mouse ear-swelling t est (MEST) proposed by Gad et a l. (1986) a lso
requ ires the induct ion and elicit a t ion pha ses for eva lua t ion but r elies
on a quan t it a t ive mea su remen t of ear swelling as an endpoint a s op-
posed to subject ive eva lua t ion of er yt hema and edema (Bueh ler, 1965,
1985; Magnusson and Kligman , 1969, 1970). In con tr ast , t he loca l lymph
node a ssay (LLNA), wh ich has r ecen t ly undergone peer review by the
In t eragency Coordina t ing Commit t ee on the Valida t ion of Alterna t ive
Methods (ICCVAM), eva lua tes on ly the induct ion phase of the hyper-
sensit ivit y r espon se by quan t ita t ing [3H ]t hym idine incorpora t ion in to
prolifera t ing dra in ing lymph node cells following chemica l exposu re
(Kim ber et a l., 1991, 1994). As an a lt erna t ive endpoin t to the LLNA,
phenotypic ana lysis of lymph node cells dra in ing the sit e of chemica l
exposu r e has been proposed as a means of iden t i� ng chemica l sensi-
t izers wit hou t the use of radioisot opes (Gerber ick et a l., 1997; Manetz
and Meade, 1999; Sikor ski et a l., 1996). By combin ing the endpoin t s
of a mur ine ea r-swelling assay for ir r ita t ion wit h phenot ypic ana ly-
sis, a single assay has been proposed for the iden t i� ca t ion and dif-
feren t it a t ion of ir r it a n ts, T-cell–media t ed and IgE -media t ed sensit iz-
ers (Manetz and Meade, 1999). Enzyme-linked im munosorben t a ssay
(ELISA) of tot a l serum IgE has been proposed as a method for iden t ify-
ing chemica ls wit h the pot en t ia l for inducing IgE -media t ed hyper sensi-
t ivit y (Dea rman et a l., 1991, 1998). Using two well-known human sen -
sit izer s, 2,4-din it roch lor obenzene (DNCB) and pot assium dich roma te
(PDC), and an ir r it a nt con tr ol, methyl sa licyla t e (MSC), these dose–
respon se studies wer e conducted to compa re resu lt s obta ined wit h the
ir r it ancy/phenot ypic ana lysis assay, LLNA, MEST, and tot a l IgE ELISA.
The chemica ls and concen t ra t ions used in these exper im en t s wer e cho-
sen to compa re resu lt s in th is la bora tory wit h those pa r t icipa t ing in
one of the in t erna t iona l va lida t ion studies of the LLNA (Kimber et a l.,
1995a ).

MATERIALS AND METHODS

Animals

Fema le BALB/c mice wer e purchased fr om Char les River and Har lan
Labora tor ies. Upon ar r iva l, t he m ice wer e qua rant ined for 1 week pr ior
to use. Mice wer e weighed, ta il-ma rked for iden t i� ca t ion, and assigned
to homogeneou s weigh t gr oups (n = 5). All anima ls were 7–9 weeks of
age, weighed 15.5–23.0 g a t the sta r t of the study, and were ma in t a in ed
on Agway Rat and Mouse Rat ion (NIH-07) or Agway P rolab 3500 and
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t ap wa ter ad libit um. Mice were maint a in ed under condit ions speci� ed
wit h in NIH gu idelines. Anim al rooms were ma in t a in ed between 18 and
26±C with 40–70% rela t ive humidit y and 12-h ligh t /dark cycles.

Chemicals

1-Ch loro-2,4-din it robenzene (DNCB; pur it y 98%), pot assium dichroma te
(PDC; pur it y 99%), methyl sa licyla t e (MSC), toluene diisocyana te (TDI;
pu r it y 99.6%), 2,4-din it ro� uor obenzene (DNFB; pur it y 99.4%), dimethyl
su lfoxide, and acetone were purcha sed from Sigma Chemica l (St . Lou is,
MO). Acetone (99.8%)/olive oil 4:1 was used as the veh icle for a ll chem-
ica ls except PDC, which was dissolved in dim ethyl su lfoxide (DMSO).
Concen t ra t ions chosen for test a r t icles were ba sed on those used in a
LLNA va lida t ion study (Kimber et a l., 1995a ). Choice of DNFB, a st rong
T-cell sensit zer, and TDI, a pot en t inducer of IgE , as posit ive con t rols
was ba sed on h istor ica l da ta obta in ed in ou r la bora tory. Concen t ra t ions
of chemica ls test ed are shown in Table 1.

Contact Hypersensitivity Assays

Irritancy Assay
A pr im ary ir r it a ncy study of the pot en t ia l sensit izer s was per formed

a s descr ibed by Hayes et a l. (1998) to establish the concen t ra t ion to be
used for cha llenge in the mouse ea r-swelling t est . Using a 4-day dosing
protocol, pre- and post -t rea tment ea r measu rement s were obta in ed to
ca lcula t e ear swelling. The mean percen t ear swelling (§ st anda rd er ror )
for each t rea tmen t group was ca lcula t ed and compar ed to the respect ive
veh icle (VH) for sign i� cance and dose r esponse. The min im al ir r it a t ing
concen t ra t ion (MIC) was de� ned as the lowest concen t ra t ion of t est ma-
t er ia l t ha t , a ft er 4 days of exposu re, produced a per cen t ea r swelling
sign i� can t ly grea t er than did veh icle. This concen t ra t ion was used a s
the single cha llenge dose in the MEST.

TABLE 1. Concent r at ion s of Chem icals Tested

Chem ica l concent r a t ions

Chem ica l Vehicle Induct ion Cha llenge (%)

DNCB (w/v)a Acet on eb 0.01 0.025 0.05 0.1 0.25 0.5 0.5
MSC (v/v)c Acet on eb 1 2.5 5 10 20 — 20
PDC (w/v)a DMSO 0.025 0.05 0.1 0.25 0.5 — 0.5
DNFB (v/v)c Acet on eb 0.25 — — — — — 0.5
TDI (w/v)a Acet on eb 2.5 — — — — — —

N ote. DNCB, 1-chloro-2,4-dinit robenzene; PDC, potassium dichrom ate; MSC, methyl sal-
icylate; DMSO, dimethyl sulfoxide.

a Per cen t concent r at ion prepa red a s a weight :volume ra t io.
b Acetone represent s 4:1 aceton e/olive oil.
cPercent concen t ra t ion pr epared as a volume:volume rat io.
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Mouse Ear-Swelling Test
The mouse ea r-swelling t est (MEST), based on the or igina l procedure

descr ibed by Gad et a l. (1986) was followed, wit h som e minor modi� ca-
t ions. P r ior to the sensit iza t ion per iod, mice wer e anesthet ized and the
dor sa l lumbar area of ea ch mouse was shaved. For 3 consecu t ive days,
50 l L of veh icle, t est a r t icle, or posit ive con t rol were applied to the
shaven sit e wit h a � nnpipet t e (Table 1). Mice wer e then r est ed un t il day
8, when the th ickness of the r igh t ear of each mouse was pr emeasu red as
descr ibed for the ir r ita ncy a ssay. Mice then r eceived a single cha llenge
of 25 l L of veh icle, t est a r t icle, or 0.5% DNFB divided between the dor-
sa l and ven t ra l sur faces of the r igh t ea r pinna . To assess the con tact
hyper sensit ivit y r espon se, ea r mea su remen t s wer e t aken 24 and 48 h
following cha llenge. The percen t change in ear th ickness was ca lcu la t ed
as descr ibed for the ir r it ancy assay. The mean per cen t ea r swelling for
each dose group was compa red to the appropr ia t e background con t rol
gr oup (induct ion wit h the veh icle followed by cha llenge with the test a r-
t icle MIC, to a ccoun t for swelling due to ir r it a t ion ) for sign i� cance and
dose respon se.

Local Lymph Node Assay
The loca l lymph node a ssay (LLNA) was per formed a s descr ibed by

Hayes et a l. (1998). Radioa ct ivit y was coun ted on a LKB Wallac 1218
beta coun ter for 5 min and r aw data were collect ed direct ly from the
beta coun ter. The mean count s per m inu te (cpm)-backgr ound coun t and
dpm for each dose group were ca lcu la t ed and compared to the veh icle
for sign i� cance and dose respon se. Dpm va lues wer e ca lcu la t ed a s the
cpm-backgr ound coun t /the ef� ciency of the bet a coun ter (63.6%).

Irritancy/Phenotypic Analysis
The ir r it a ncy/phenotypic ana lysis assay was per formed following

the procedure descr ibed by Manetz and Meade (1999). Dra in ing lymph
nodes were dissocia t ed in to single-cell suspensions and sta in ed with 1.0
l g FcBlock (2.4G2, an t i F c c II and Fc c III) for 5 m in a t 4±C followed by
st a in ing with RA3-6B2 (PE-labeled an t i-B220), R-35-72 (F ITC-labeled
an t i-IgE ), a nd the isot ype con t rols for approximately 45 min in the dark
a t 4±C. P ropid ium iodide (PI) was added to the cells for 5 m in in the
dark a t 4±C. The cells were washed and r esuspended in st a in ing buffer
(PBS, 1.0% bovine serum albumin (BSA), and 0.10% sodium azide) for
ana lysis on a Becton Dickin son FACSVan tage � ow cytom eter. At least
9000 even t s were collected for each of the samples. Of those even ts, on ly
viable cells, based on P I st a in ing, were fur ther ana lyzed by Cellquest
(Becton Dickin son ). All an t ibodies wer e purchased from Pha rm ingen
(San Diego, CA).
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Total IgE ELISA

Following sa cr i� ce of the an im als used in the phenot ypic ana lysis assay,
blood was collect ed via cardiac punctur e. Serum fract ions were stor ed
in microcen t r ifuge tubes a t ¡ 80±C until ana lysis. Tota l IgE levels were
quan t i� ed by tot a l serum IgE ELISA as descr ibed by Manetz and Meade
(1999). P la t es were read on a Spectr amax Vmax pla t e r eader (Molecu la r
Devices) a t 405–650 nm approxima tely 20 min aft erwards. Data were
ana lyzed using the IBM Softmax Pro 1.2.0 program. Test sera an t ibody
va lues wer e ca lcu la t ed by compar ing their va lu es to the va lues of known
amoun t s of IgE standard. A standa rd curve was genera t ed using linear
va lues from the log /log ana lysis (va lu es a llowing for a slope close to 1.0).

Statistical Analysis

Sta t ist ica l ana lysis was per formed for a ll test groups using J MP 3.2.2
and Graph Pad P r ism for the PC. All t est gr oups were ana lyzed for
hom ogeneit y using the Bar t let t ’s ch i-squa re t est (Bar t let t , 1937). If
det erm ined homogeneou s (p < .05), the Dunnet t ’s mu lt iple r ange t t est
(Dunnet t , 1955) was used to compar e t rea tmen t groups wit h the cont rol
group. If det erm ined nonhom ogeneou s, da t a wer e ana lyzed using the
Tukey–Kramer t est or Wilcoxon’s rank sum test t o compar e tr ea tmen t
groups wit h indica t ed con t rol groups (Gross and Cla r k, 1975a; Tukey,
1977). J onckheere’s t r end ana lysis was used to det ermine dose-r espon-
sive effect s for ir r it ancy, MEST, and LLNA (Gross and Cla rk, 1975b).
Linear regression ana lysis was used to determine dose-respon sive ef-
fects for the ir r it a ncy/phenotypic ana lysis assay. St a t ist ica l sign i� cance
between the pos it ive con t rols and the veh icle con t rols in the MEST was
determ ined using a Studen t ’s t t est . All va lu es are presen ted as gr oup
means § st andard er ror s.

RESULTS

Ther e wer e no chemica l-rela t ed dea ths in any of the dose gr oups. With
the except ion of the erythema and edema a ssocia t ed wit h ir r it ancy and
con tact hypersensit ivit y respon ses, a ll m ice appear ed clin ica lly normal
th roughou t the study. There were no sta t ist ica lly sign i� can t differ ences
in the body weigh t s of the t est gr oups of an im als when compa red to their
r espect ive veh icle con tr ols.

Irritancy Assay

The ir r it ancy a ssay was used to iden t ify the MIC to be used as the cha l-
lenge concen t ra t ion in the MEST. The lowest concen tr a t ions of DNCB
and PDC demonst ra t ing a sign i� can t (p < .01) ir r it a t ion respon se were
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0.5% (data not shown). Trend ana lysis showed a dose respon se for the
ir r it ancy of these chemica ls (DNCB, p < .01 and PDC, p < .05). No
sign i� can t ir r it a t ion was seen in anima ls exposed to MSC at concen tr a -
t ions a s h igh as 20%, the highest concen t ra t ion t ested; therefore, 20%
was used for cha llenge in the MEST.

Mouse Ear-Swelling Test

Both DNCB and PDC were iden t i� ed as con tact sensit izers in the MEST.
Tr end ana lysis of DNCB was found to be sign i� can t (p < .01) a t both
the 24-h and the 48-h post measu rement s, indica t ing dose dependency.
PDC also demonst ra ted dose dependency a t the 24-h (p < .05) and the
48-h (p < .01) post mea su remen t s. Although st a t is t ica l s igni� cance was
reached a t low concent ra t ions in DNCB-exposed mice, u sing a grea t er
than 20% increa se in ea r swelling when compar ed to con t rol a s the cr i-
t er ion for sensit iza t ion (Gad et a l., 1986), both chemica ls were found to
be sensit izing a t the 48-h post -cha llenge t ime poin t a t a concen t ra t ion
of 0.5% (Figu res 1 and 2). Induct ion wit h concent r a t ions ranging from
1 to 20% MSC followed by cha llenge wit h 20% MSC did not produce a
sign i� can t change in per cen t ea r swelling a t 24 or 48 h post cha llenge as
compared to the 20% MSC cha llenge-on ly group (da t a not shown). Based
on t rend ana lysis, on ly the 48-h respon se of MSC was determ ined to be
dose-dependen t (p < .05). Although producing sta t ist ica lly sign i� can t
in cr eases in ear swelling 24 and 48 h post cha llenge for th ree studies,
t he measu rement s for the posit ive cont rol groups were h igh ly va r ia ble,
ra nging from 72 .9 § 8.0 to 236.6 § 30 .1 (Table 2).

FIGURE 1. MEST response following 1-chloro-2,4-dinit robenzene (DNCB) exposure. Data a re ex-
pr essed as mean s § SE. Dose groups were determined to be nonhomogenous (Bar t let t ’s t est ) and
compared to the BC group (sensit ized with vehicle and challenged with 0.5% DNCB) by Dunnet t ’s
t test , wher e ¤ p < .05 and ¤ ¤ p < .01. w r epresent s those concent r at ion s of chem ical that r esulted
in a 20% incr ease in ear swelling over BC. Trend ana lysis was determ ined signi� can t (p < .01) by
J onckheere’s test . VH , vehicle; BC, ba ckground con t rol.
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FIGURE 2. MEST response following potassium dichroma te (PDC) exposu re. Da ta are expressed
a s means § SE. Dose groups were determ ined to be nonhom ogenous (Ba r tlett ’s test ) and compared
to the VC group (sen sitized with vehicle and ch allenged with 0.5% DNCB) by th e Dunnet t’s t t es t,
where ¤ p < .05 and ¤ ¤ p < .01. w r epresen t s those concent r at ions of chemical tha t r esulted in a 20%
incr ea se in ear swelling over BC. Trend ana lysis was determ ined signi� can t (p < .05 and p < .01,
r espect ively) at the 24- and 48-h time poin ts by J onckheere’s test . VH, vehicle; BC, ba ckground
con t rol.

Local Lymph Node Assay

In the LLNA, a dose-respon sive in crease (p < .01) in lymph node cell
pr olifer a t ion was seen following exposu r e to both DNCB (Figur e 3) and
PDC (Figu re 4). A pos it ive respon se (3-fold increase over con t rol (Kimber
et a l., 1991) and st a t is t ica l sign i� cance) was observed in an ima ls ex-
posed to concen tr a t ions of 0.25% or h igher of bot h chemica ls. Anim als
exposed to MSC demonst ra ted a sligh t bu t dose-respon sive in crea se in

TABLE 2. Posit ive Con t rols for the MEST

Mouse ear swellin g tes t

Dose grou p Challengea 24-h ea r swelling b 48-h ea r swelling b

DNCB
Acet one/OOc 0.5% DNFB 9 .6 § 5.7 24 .8 § 6.8 ¤ ¤ S

0.25% DNFB 0.5% DNFB 68 .1 § 11 .3 ¤ ¤ S 236 .6 § 30 .1 ¤ ¤ S

MSC
Acet one/OOc 0.5% DNFB 17 .0 § 3.3 ¤ ¤ S 19 .9 § 5.0 ¤ ¤ S

0.25% DNFB 0.5% DNFB 59 .6 § 9.4 ¤ ¤ S 72 .9 § 8.0 ¤ ¤ S

PDC
DMSO 0.5% DNFB 16 .5 § 3.4 ¤ S 33 .5 § 6.7 ¤ ¤ S

0.25% DNFB 0.5% DNFB 136 .8 § 20 .5 ¤ ¤ S 220 .5 § 37 .3 ¤ ¤ S

a Challenge following indu ct ion is on ly for the MEST.
b For the ear swelling, th e number of samples was 10. Values a re th e dose

group means § standa rd er ror s.
cAcetone represent s 4:1 aceton e/olive oil.
S Stat ist ical differ en ce when compared to th e vehicle using the Student ’s

t t es t: ¤ p < .05, ¤ ¤ p < .01.
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FIGURE 3. LLNA response following 1-ch loro-2,4-dinit robenzene (DNCB) exposure. Da ta are ex-
pr essed as group mean s § SE. Dose grou ps were determined to be nonhom ogenous (Ba rt let t ’s t est )
and compared to the veh icle gr ou p by th e Wilcoxon rank test , where ¤ ¤ p < .01. w r epresent s concen-
t r a t ions of chemica l that resu lted in a 3-fold incr ea se in prolifer at ion over cont rol. Trend ana lysis
wa s determined signi� ca nt (p < .01) by J on ckheere’s tes t . VH , veh icle; PC, posit ive cont rol (0.25%
DNFB).

lymph node cell pr olifer a t ion ranging from 85§ 18 to 146§ 14 dpm, reach -
ing st a t ist ica l sign i� cance following exposu r e to 20% MSC (146 § 14
dpm). However, t he level of prolifera t ion did not meet the 3-fold in -
crea se over con t rol cr iter ion for sensit iza t ion (Figu re 5). In a ll LLNAs

FIGURE 4. LLNA response following potassium dichroma te (P DC) exposure. Da ta a re expressed
as grou p means § standard er ror s. Dose grou ps were determ ined to be nonhom ogenous (Bar t let t ’s
t es t ) and compared to th e vehicle gr ou p by th e Wilcoxon rank tes t , where ¤ ¤ p < .01. w r epr esen t s
concent r at ion s of chemical th at r esulted in a 3-fold incr ease in prolifera t ion over con trol. Trend
analysis was determined sign i� ca nt (p < .01) by J on ckheere’s test . VH , vehicle; PC, posit ive con trol
(0.25% DNF B).
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FIGURE 5. LLNA respon se following methyl sa licylate (MSC) exposure. Data a re expressed as
grou p mean s § standa rd er ror s. Dose groups were determ ined to be nonhom ogenous (Ba r tlett ’s
t est ) and compa red to the vehicle gr oup by the Wilcoxon rank test , where ¤ ¤ p < .01. w r epr esen t s
concen tr a t ions of ch em ical tha t r esulted in a 3-fold increa se in prolifer at ion over cont rol. Tren d
analysis wa s determ ined signi� cant (p < .01) by Jonckheere’s test . VH, vehicle; PC, posit ive cont rol
(0.25% DNFB).

conducted, the posit ive con tr ol, 0.25% DNFB, showed a sign i� can t (p <
.01) prolifera t ive respon se (>2600 dpm) exceeding a 3-fold in cr ease over
con t rol. Resu lt s obta ined for the posit ive con tr ol groups in the LLNA
var ied minima lly between studies.

Phenotypic Analysis Assay

In the combined ir r it ancy/phenot ypic ana lysis assay, the MIC (a t p <
.01) for DNCB and PDC was 0.25 and 0.5%, respect ively (Table 3). DNCB
and PDC induced dose respon sive in creases (p < 0 .01) in the percen tage
of B220+ cells fr om 18.5§ 1 .4 to 33 .3 § 2.6 in DNCB exposed an im als and
fr om 28.2 § 1 .9 to 41 .0 § 1.5 in PDC exposed anima ls with a sign i� can t
in crease over con tr ols observed in mice following exposu re to 0.1% for
bot h chemica ls. Both DNCB and PDC induced a modera t e eleva t ion and
st a t ist ica l sign i� cance in the %IgE + B220+ cells a t h igher concen t ra -
t ions (0.25% for both DNCB and PDC). Ana lysis by linea r regression r e-
vea led dose-respon sive (p < .01) effects of DNCB (0.4 § 0 .4 to 23.4 § 2 .6)
and PDC (2.0 § 0 .5 to 25.1 § 1.7) on the percen tage of IgE + B220+ cells.
No sign i� can t modu la t ion was seen in the cell su r fa ce expr ession of
B220+ or IgE + B220+ in anima ls exposed to concen t ra t ions of MSC as
h igh as 20%. For a ll t he endpoin t s examined (ear swelling, %B220+ ,
a nd %IgE + B220+ cells), sign i� can t respon ses were observed following
exposu re to the posit ive con t rols, DNFB and TDI.



10 M. D. Howell et al.

TABLE 3. Ir r ita ncy/Phenotypic An alysis Resu lt s Following Dermal Exposu re to a Range
of DNCB, MSC, and PDC Doses

Phenotypic analysis

Dose grou p 24-h ear swellin g a %B220+ %IgE + B220+

Total IgE
(ng/mL)

DNCB
Acet oneb (0.8 § 2 .1) 18 .5 § 1 .4 0 .4 § 0 .4 175 § 22
0.010% 2 .70 § 2 .4 19 .6 § 1 .2 0 .6 § 0 .3 250 § 25
0.025% 10.1 § 2 .3 22 .9 § 1 .2 0 .7 § 0 .1 194 § 32
0.050% 6.4 § 3 .7 24 .3 § 0 .9 1 .6 § 0 .7 213 § 24
0.100% 12 .5 § 4 .0 ¤ d 27 .8 § 1 .7 ¤ ¤ d 4 .6 § 1 .1 185 § 16
0.250% 20.6 § 3 .6 ¤ ¤ d 32 .0 § 1 .8 ¤ ¤ d 16 .6 § 1 .9 ¤ ¤ k 490 § 68
0.500% 40.2 § 3 .7 ¤ ¤ d 33 .3 § 2 .6 ¤ ¤ d 23 .4 § 2 .6 ¤ ¤ k 612 § 79 ¤ d

0.25% DNFB 143.9 § 17.0 ¤ ¤ k 38 .0 § 3 .1 ¤ ¤ d 26 .3 § 4 .1 ¤ ¤ k 611 § 198 ¤ d

2.5% TDI 196.8 § 8 .7 ¤ ¤ k 38 .9 § 1 .0 ¤ ¤ d 33 .2 § 0 .9 ¤ ¤ k 1437 § 169 ¤ ¤ d

MSC
Acet oneb 4.1 § 2 .8 20 .2 § 0 .4 0 .8 § 0 .3 330 § 31
1.0% 3.6 § 2 .9 23 .1 § 1 .0 1 .0 § 0 .4 298 § 47
2.5% 5.3 § 2 .0 23 .4 § 1 .3 1 .3 § 1 .1 209 § 25
5.0% 1.2 § 3 .0 19 .4 § 0 .6 0 .5 § 0 .2 285 § 22

10.0% 3.3 § 2 .0 20 .6 § 1 .0 0 .1 § 0 .0 82 § 6
20.0% (0.1 § 2 .4) 22 .7 § 1 .0 1 .6 § 0 .8 110 § 0
0.25% DNFB 160.3 § 7 .7 ¤ ¤ d 49 .1 § 1 .8 ¤ ¤ d 25 .5 § 2 .3 ¤ ¤ d 926 § 49 ¤ ¤ d

2.5% TDI 141.5 § 15.2 ¤ ¤ d 44 .2 § 1 .5 ¤ ¤ d 28 .3 § 1 .9 ¤ ¤ d 1083 § 41 ¤ ¤ d

P DC
DMSO 22.9 § 3 .4 28 .2 § 1 .9 2 .0 § 0 .5 458 § 87
0.025% 29.9 § 2 .3 29 .1 § 1 .3 1 .1 § 0 .4 462 § 180
0.050% 34.6 § 3 .3 35 .3 § 2 .9 0 .6 § 0 .2 345 § 42
0.100% 31.7 § 3 .3 36 .5 § 1 .3 ¤ d 7 .6 § 3 .1 272 § 39
0.250% 40.2 § 1 .9 ¤ k 41 .0 § 1 .5 ¤ ¤ d 20 .3 § 1 .7 ¤ ¤ k 401 § 139
0.500% 74.1 § 6 .2 ¤ ¤ k 38 .1 § 3 .6 ¤ d 25 .1 § 1 .7 ¤ ¤ k 1972 § 280 ¤ ¤ d

Acet oneb 7.6 § 1 .5 18 .5 § 1 .0 2 .3 § 1 .0 357 § 25
0.25% DNFB 175.0 § 6 .6 ¤ ¤ k 47 .6 § 1 .8 ¤ ¤ d 25 .3 § 1 .8 ¤ ¤ d 1172 § 173 ¤ d

2.5% TDI 178.8 § 7 .6 ¤ ¤ k 38 .6 § 1 .2 ¤ ¤ d 28 .3 § 2 .3 ¤ ¤ d 2200 § 190 ¤ ¤ d

a For the 24-h ea r swelling, the number of samples was 10 (2 ea rs for each mouse).
Each ph en ot ypic an alysis sample is the average of two replica tes, with 5 samples per
dose gr oup (combin ed left and right nodes for individua l anima ls). For ea ch sample the
replicates were taken from the lymph nodes of an individua l anima l. Va lues are the dose
group means § standard er ror s.

b Acetone represen t s 4:1 acetone/olive oil.
d Sta t ist ical differ en ce when compared to th e vehicle gr oup u sing Dunnet t ’s t t est .
k Sta t istical differ en ce when compa red to th e vehicle u sing the Tukey-Kramer tes t.

¤ p < .05. ¤ ¤ p < .01.

Total Serum IgE ELISA

Tota l serum IgE levels wer e sign i� can t ly eleva t ed in DNCB-exposed
(612 § 79 ng/mL) and PDC-exposed (1972 § 280 ng/mL) an im als a t t he
h ighest concen t ra t ion test ed, 0.5% (Table 3). Serum IgE levels were
unaffected in an ima ls tr ea t ed wit h concen t ra t ions of MSC as h igh as
20%. Anim als exposed to the posit ive cont r ols, TDI and DNFB, exh ib-
it ed sign i� can t in cr eases in tot a l serum IgE in a ll s tudies, wit h va lues
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r anging from 1083 § 41 to 2200 § 190, and 611 § 198 to 1172 § 173,
r espect ively.

DISCUSSION

As the im munology of the mouse has become bet t er understood, more
mechan ist ica lly ba sed methods for detect ing chemica l sensit izers a re
being designed. These methods expand on the gu inea pig models, which
have h is tor ica lly been used for the eva lua t ion of the pot en t ia l hazar d of
chemica ls as rela ted to hypersensit ivit y respon ses. However, un like the
gu inea pig models, wh ich r ely on the subject ive eva lua t ion of the elicit a -
t ion pha se wit h the visua l det erm ina t ion of eryt hema and edema a s the
endpoin t (Bueh ler, 1965; Magnusson and Kligman , 1969), t hese mur in e
a ssays u t ilize the more quant ita t ive endpoin t s of ea r swelling (Gad
et a l., 1986), [3H ]t hymidine uptake (Kim ber and Weisenberger, 1989),
phenot ypic ana lysis using cell su r fa ce marker s (Manetz and Meade,
1999), and detect ion of IgE by the tot a l ser um IgE ELISA (Dea rman
et a l., 1998).

The 4 a ssays employed in these studies eva lua te differen t endpoin t s
in the hypersensit ivity r espon se, bu t a ll requ ir e the induct ion of sensi-
t iza t ion and the clona l expansion of lymphocyte popu la t ions. The LLNA
quan t it a t es the incorpora t ion of [3H ]thymidine in to prolifera t ing dra in-
ing lymph node cells following chemica l exposu re (Kim ber et a l., 1991,
1994, 1995a ). Once cells have begun prolifer a t ing, the su r r ounding mi-
croenvir onmen t of cytok ines and gr owth fa ctor s dir ect s T-cell develop-
men t toward either a Th1 or a Th2 respon se (Cumberba t ch et a l., 1992;
Dearman et a l., 1995, 1996a , b; Kimber, 1994; Kim ber et a l., 1995b).
Once T cells have been act iva t ed, they in t eract wit h B cells, leading to the
a ct iva t ion and differ ent ia t ion in to an t ibody (including IgE )-secret ing
plasma cells. Upon clona l expansion , B cells express h igh amoun ts of
B220/CD45, and under the in� uence of IL-4, som e cells will begin to ex-
pr ess su r face IgE . The ir r ita ncy/phenot ypic ana lysis assay u t ilizes � ow
cytomet ry to quan t ify the number of cells expressing B220 and su r fa ce
or membrane-bound IgE (via CD23) to iden t ify sensit izer s and differ en-
t ia t e between T-cell– and IgE -media t ed respon ses (Manetz and Meade,
1999). Once IgE has been secreted by the plasma cells, circu la t ing IgE
can be detected using the tota l ser um IgE ELISA (Dearman et a l., 1998).
Using ea r mea su remen t s pr ior to and following chemica l cha llenge, the
MEST eva lua t es the elicit a t ion phase of the hypersensit ivit y respon se
in a lr eady sensit ized anima ls (Gad et a l., 1986).

Chemica ls tha t had been used previously in the developmen t of the
MEST and in the in t erna t iona l va lida t ion of the LLNA were eva lua t ed
to compar e the resu lt s obta in ed using these 4 mur in e assays (Gad et
a l., 1986; Kimber et a l., 1995a). These chemica ls in cluded the human
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ir r it an t methyl sa licyla te (Done, 1967; Speer, 1979) and two poten t sen -
sit izer s, pot assium dich rom ate and 2,4-din it roch lorobenzene (DNCB)
(Basket t er and Scholes, 1992; Botham et a l., 1989; Heylings et a l., 1996;
Kimber et a l., 1991). Resu lt s obta ined in the LLNA for these studies
ar e compa rable wit h the r esu lt s of 5 labor a tor ies par t icipa t ing in the
in t erna t iona l va lida t ion of the LLNA (Kimber et a l., 1995a), fu r ther
suppor t ing the reproducibili ty of the LLNA among labora tor ies.

Upon ana lysis of the resu lt s, t hose assays eva lua t ing the induc-
t ion phase of con tact hypersensit ivity wer e consist en t in iden t ifying the
concen t ra t ion of the chemica l a t wh ich sensit iza t ion occur red. DNCB
was iden t i� ed to be sensit izing in the ir r it ancy/phenot ypic ana lysis as-
say and LLNA at concen tr a t ions as low as 0.1 and 0.25%, r espect ively
(Table 3, F igu re 3), wh ile PDC was determ ined to be sensit izing a t con -
cen t ra t ions a s low as 0.25% in both assays (Table 3, F igur e 4). MSC was
not iden t i� ed a s a sensit izer in any of the 3 assays measu r ing the induc-
t ion phase (Table 3, F igu re 5). Although both DNCB and PDC ar e con-
sider ed pr im ar ily T-cell–media ted sensit izer s, IgE respon ses have been
seen a t h igher concent ra t ions (Dearman et a l., 1991, 1998). In a ll cases
where an eleva t ion in tot a l ser um IgE was detect ed, the percen tage of
IgE + B220+ cells was eleva t ed in the ir r ita ncy/phenot ypic ana lysis a ssay
(Table 3). Con sis ten t with the � ndings of Manetz and Meade (1999) for
these T-cell–media t ed sensit izers, t he eleva t ion in IgE + B220+ cells was
seen a t concen tr a t ions h igher than those requ ired to increase B220. The
reproducibili ty of the LLNA and the ir r it a ncy/phenotypic ana lysis a ssay
is illu st r a t ed when one compar es the posit ive con t rol va lu es for ea ch of
the assays. DNFB induced a consist en t pr olifera t ive respon se r anging
from 2693 to 2822 dpm in the LLNA (Figu res 3–5) and ranging from 37
to 49% B220+ and 25 to 26% IgE + B220+ cells in the ir r it ancy/phenot ypic
ana lysis assay (Table 3). Con sist en t resu lt s were a lso observed for the
IgE -inducing posit ive con t rol, TDI, in the ir r it a ncy/phenotypic ana lysis
assay, wit h ranges of 38 to 45% B220+ and 28 to 33% IgE + B220+ cells
(Table 3). The Tota l IgE ELISA, LLNA, and ir r ita ncy/phenot ypic ana ly-
sis a ssay min im ize human er r or by the use of a pla te reader to determine
opt ica l densit y va lues, a bet a scin it illa t ion coun ter to mea su re cpm, or
� ow cytom etr y to quan t ify cell popu la t ion per cen tages, respect ively.

In eva lua t ing the elicit a t ion pha se in the MEST, much more va r i-
abilit y exis ted in the dose–respon se r ela t ionsh ips than in the LLNA
and ir r it ancy/phenot ypic ana lysis assay. Wherea s concent ra t ions a s low
as 0.25% DNCB and PDC were su f� cient to induce a pos it ive respon se in
both the LLNA and the ir r it ancy/phenot ypic ana lysis assay, the lowest
sensit izing concen t ra t ion to induce a posit ive respon se in the MEST was
0.5% a t the 48-h measu r emen t (Figu r es 1 and 2). The var iability of the
assay is fu r ther demonst ra t ed by compar ing resu lt s from the posit ive



Com parison of M urin e Hypersensitivity Assays 13

con t rols in each study. Va lues for ea r swelling r anged from 60 to 221%
(Table 2). Som e of the va r iability in th is assay is rela t ed to the pot en-
t ia l for human er ror, sin ce a hand-held m icrometer is used to obta in ear
measu remen ts and reproducible mea su remen t s r equ ir e tha t the same
posit ion on the ea r pinna be measu r ed and the t ension of the m icr om eter
be consist en t from an im al to an im al.

In addit ion to exh ibit ing less va r iability, as discussed by member s
of the peer r eview panel of the LLNA by the ICCVAM, test s eva lua t ing
the induct ion phase of hyper sensit ivit y may be more r eleva n t for ha z-
a rd iden t i� ca t ion . These a ssays focus on the pot en t ia l for sensit iza t ion ,
wh ich is the pr er equ isit e of a llergic hyper sensit ivit y respon ses and con-
st itu t es the hazar d. The fu r ther development of a seconda ry immune
r esponse (elicit a t ion pha se) in a sensit ized individua l or anima l model
involves more r isk assessmen t (secondary cha llenge condit ions), which
may also a ccoun t for in crea sed var iabilit y in resu lt s (NIEHS, 1999).

There has been a progression in the developmen t of models capable
of det ect ing chemica ls wit h the capacity to induce chemica l hyper sen-
sit ivit y. The MEST quan t it a t ively eva lua t es ea r swelling to a ssess the
hypersensit ivit y r espon se to a chemica l, bu t obta in ing reproducible r e-
su lt s is som etimes dif� cu lt (Dunn et a l., 1990). The LLNA measur es the
incorpora t ion of [3H ]t hym idine dur ing the induct ion phase using a beta
coun ter for more ea sily reproducible resu lt s, bu t the use of radioact ivit y
may be problema tic because of the need to dispose of radioact ive wast e.
The ir r it ancy/phenot ypic ana lysis assay uses an a lt er na t ive endpoin t
to the LLNA by quan t ifying cellu la r popu la t ions using � ow cytomet ry
and suggest ing differen t ia t ion of sensit izers a s T-cell–media ted or IgE-
media ted ba sed on cell ma rker expression (Manetz and Meade, 1999).
Absence of r adioact ivit y and the abilit y to differen t ia t e and char act er-
ize chemica l ir r it an t s and sensit izers makes the ir r it ancy/phenotypic
ana lysis assay an a t t r act ive solu t ion to the problem of chemica l ha zard
iden t i� ca t ion .
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