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In an effort to establish a single, rapid screening procedure for the sensitiza-

tion and irritancy poten tial of new chem icals, the param eters of a m urine Local
Lym ph N ode Assay and a m ouse ear swelling irritancy assay were com bined . To

validate th is assay, a range of chem ical irritan ts and sensit izers were evaluated

for their ability to elicit responses in B6C3F1 fem ale m ice. Chem icals were ad-
m in istered for four consecutive days to the dorsal and ventral surfaces of each

ear. An increase in ear thickness served to predict irritancy, wh ile [ 3H]thym id ine

uptake by cervical drain ing lym ph nodes suggested sensitization. All chem icals
known to be potent chem ical sensit izers (oxazolone, 2,4-din itro¯ uorobenzene,

toluene d iisocyanate) produced a m arked lym ph node cell proliferation in th is

assay. An im als exposed to irritating agents (sodium lauryl sulfate, croton oil,
tetradecane, nonanoic acid , and benzalkonium chloride) experienced a signi® -

can t increase in ear swelling. In add it ion, these irritating agents elicited low-

level lym phocyte proliferation. In cases where chem icals are considered to be both
potent sensitizers and irritants (2,4-din itro¯ uorobenzene, toluene d iisocyanate,

and benzalkonium chloride), robust increases in [ 3 H]thym idine incorporation

and ear swelling were dem onstrated. R esu lts were dose-responsive for all chem -
icals tested . The com bined LLN A /ear swelling assay appears to be a reliable

predictor of sensitization and irritancy poten tial, since it identi ® ed the activity

of all eight chem icals tested . The advan tages of th is approach include a further
reduction in the num ber of an im als and tim e required to screen chem icals for

both irritancy and /or sensitization poten tial. Although th is assay does not have

the capacity to d iscrim inate between nonspeci® c lym ph node proliferation and
weak sensitizing ability of strong irritan ts, the in form ation gained by the irrita-

tion com ponent of the assay provides add itional in formation when evaluating

the signi® cance of low-level lym phocyte proliferat ion in the LLN A. With further
validation th is assay could be useful as a com m on screening tool in the research

and developm ent of new chem ical products.
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246 M . R. Woolh iser et al.

Skin diseases ar e the second most common type of occupa t iona l disease,
account ing for approxima tely 13% of a ll work-rela t ed diseases, with an
est imated annual cost of $1 billion [1]. Asthma is the most fr equen t ly
diagnosed occupa t iona l respira tory disea se, with approxima tely 9 mil-
lion worker s exposed to chemica l ir r it a n ts or sensit izers known to be
associat ed with a sthma. Cost s a ssocia t ed with occupa t iona l a sthma are
est imated a t $400 million. Because exposu r e to chem icals const it ut e a
ma jor r isk in the development of derma tit is and respir a tory disorders
(e.g., rh inoconjuct ivit it s, a sthma , and anaphylaxis), t her e cont inues to
be a need dur ing product resear ch and developmen t for accu ra t e, ra pid,
and cost -effect ive methods to predict ir r it a ncy and sensit izat ion poten -
t ia l of chem ica ls.

Allergic contact dermat it is is a T-cell±mediat ed even t tha t r equ ires
previous an t igen exposu re for sensit iza t ion of the immune syst em; sen -
sit iza t ion gener a lly requ ires mult iple exposu res. Once sensit izat ion has
occur r ed, subsequen t an t igen exposur e can elicit an a llergic r esponse.
Conversely, ir r ita n t r esponses do not requ ire previous immune r ecog-
n it ion and may be elicited upon pr imary exposu re, a lthough weaker
ir r it an t s may r equ ire cumula t ive exposu res before causing ir r ita t ion .
Addit iona lly, IgE-media ted, t ype I hypersensit ivity responses can be
man ifest ed as conta ct u r t ica r ia , offer ing yet another mechan ism of
chemica l-induced dermat it is [2].

H istor ically, t he guinea pig and rabbit have been the species of choice
for t es t ing a chemica l’s sensit izing and ir r it a t ing poten t ia l. Gu inea pig
contact sensit iza t ion assays ar e cost ly and t ime-consuming and resu lt in
the subject ive endpoint s of erythema and edema, making reproducibil-
ity and discr imina t ion between a llergic and ir r ita t ion react ions dif® cu lt
[3]. Among effor t s to establish a lterna t ive anima l models, the mur ine
Loca l Lymph Node Assay (LLNA) was developed to iden t ify chem ica ls
as poten t ia l human sensit izers [4±6]. Following topica l applica t ion of
chemica ls, t h is assay measur es [3H]thymidine incorpora t ion in to dra in-
ing lymph nodes dur ing the induct ion phase of sensit iza t ion. The advan-
t ages of the mur ine LLNA include it s relevan t exposu re (no occlusion or
adjuvan ts), shor ter du ra t ion, cost -effect iveness, object ive quant ita t ive
endpoint , a nd decrea sed number of anima ls requ ired per eva lua t ion .
The LLNA has undergone int erna t iona l va lida t ion studies [7±9] and
is a sensit iza t ion protocol accept ed by the Organ iza t ion for Economic
Coopera t ion and Developmen t (1992). The LLNA is a lso under consid-
era t ion by the In t eragency Coordina t ing Commit t ee on the Valida t ion
of Alterna t ive Methods (1998).

A mur ine ear swelling ir r it a ncy assay, modi® ed fr om the phototoxi-
city assay descr ibed by Gerber ick et a l. [10] and simila r to a ssays per-
formed by other r esea rchers [11, 12], has been used in combina t ion with
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Com bined S ensitization and Irritancy Assay 247

hypersensit ivity assays a s pa r t of a Nat iona l Toxicology P rogram proto-
col to screen chem icals for ir r ita ncy and sensit iza t ion poten t ia l [13]. The
following studies have combined the pa rameter s of a mouse ea r swelling
ir r ita ncy assay and the LLNA into a single assay. The advan tages of th is
approach include a fu r ther reduct ion in the number of an imals and t ime
r equ ired to scr een chemicals for both ir r it a ncy and sensit iza t ion poten-
t ia l. Th is assay does not have the capacity to discr imina t e nonspeci ® c
lymph node prolifera t ion fr om the weak sensit izing abilit y of st rong ir-
r it an t s. However, t he in forma t ion ga ined by the ir r ita t ion component of
the assay provides addit iona l in forma t ion when the sign i ® cance of low-
level lymphocyte prolifera t ion in the LLNA is being eva lua t ed. To begin
va lida t ing th is approach , eigh t common irr it an t s and sensit izer s were
eva lua ted.

MATERIALS AND METHODS

Animals

Female B6C3F1 mice (C57BL/6 £ C3HHeN)wer e purchased from Taconic
Farms (German town , N Y). Upon ar r iva l, t he m ice wer e quaran t ined for
1 week pr ior to use. Mice were weighed and assigned to homogeneous
weight groups (n = 5). Animals weighed 18±26 g a t study st a r t a nd
were ma in t a ined on Agway Ra t and Mouse Rat ion (NIH 07) and tap
water ad libitum. Mice were main ta ined under condit ions speci ® ed
with in NIH gu idelines. Animal rooms were maint a ined, between 18
and 26±C and 40±70% rela t ive humidity with ligh t/dark cycles of 12-h
in terva ls.

Chemicals

4-E thoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone;pu r ity ¸ 90%),
2,4-dinit ro¯ uorobenzene (DNFB; pur it y ¸ 99%), sodium lau ryl su lfa t e
(SLS; pur ity ¸ 95%), benza lkonium chlor ide, croton oil, nonanoic a cid
(pelar gonic a cid; pu r ity ¸ 97%), toluene diisocyana t e (TDI; pu r ity 99.6%),
t et radecane (pur ity ¸ 99%), and acetone were a ll pu rchased from Sigma
Chemica l (St . Louis, MO). All chem icals were prepar ed in a cetone ex-
cept for SLS, which was dissolved in 30% ethanol (F ischer Scient i ® c,
Columbia , MD). Concent ra t ions test ed are shown in Table 1.

LLNA/Irritancy Combined Assay

The LLNA and irr it ancy ear swelling procedures combined for th is as-
say were modi® ed from those descr ibed by Hayes et a l. [13]. P r ior to
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248 M . R. Woolh iser et al.

TABLE 1. Exper imen tal Groups

Chemical Veh icle Per cen t concen t r at ion

Oxazolone (v/v)a Acet one 0.00125 0.0025 0.005 0.01 0.025

DNFB (v/v) Acet one 0.025 0.05 0.10 0.15 0.20

SLS (w/v)b 30% Ethanol 5.0 10.0 20.0 30.0 40.0

Ben za lkonium Acet one 0.5 1.0 2.0 3.0 5.0

ch lor ide (v/v)

Croton oil (w/v) Acet one 0.025 0.05 0.1 0.25 0.5

TDI (v/v) Acet one 0.1 0.5 1.0 2.5 Ð

Tet radeca ne (v/v) Acet one 20.0 30.0 40.0 50.0 Ð

Nonanoic acid (v/v) Acet one 5.0 10.0 20.0 40.0 60.0

a Percen t concen t r at ion prepared a s a volume:volume rat io.
b Per cen t concen t ra t ion prepared as a weigh t :volume ra t io.

exposu r es, r igh t and left ea r measu r emen t s wer e t aken in duplicat e us-
ing a modi® ed Mitu toyo micrometer (Mitu toyo, J apan ) and averaged
to give a ba seline ear th ickness for each ea r. On days 1±4, veh icle or
t es t solut ions were administ er ed topica lly to the dorsa l and vent r a l
su r fa ces of each ear (12.5 l L on each side for a tota l of 50 l L/mouse
day ¡ 1 ). All exposu res wer e accomplished § 2 h from the previous day.
On day 5, ea ch an imal was in tr avenously in jected via one of the la t -
era l ta il veins with 0.2 mL phospha t e-bu ffer ed sa line (PBS) conta in-
ing 20 l Ci [3H]thymidine (Dupont NEN; speci® c a ct ivity 2 Ci/mmol).
Following in t ravenous in ject ion and approximately 24 h aft er t he ® n a l
chemica l applicat ion, post -t rea tmen t ea r measu r emen ts wer e taken in
duplica te and averaged for each ear. Ir r ita t ion was indicat ed by per cen t
incr ease in ea r th ickness and was ca lcu la t ed for ea ch ear a s follows:
% change in ear swelling = (post-t r ea tmen t ear th ickness/pret rea tmen t
ear th ickness) £ 100 ¡ 100.

Five hour s a ft er [3H]thymidine in ject ion, an imals were eu than ized
by carbon dioxide asphyxiat ion. Right and left cer vica l dr a in ing lymph
nodes loca t ed nea r the bifu rca t ion of the jugula r vein wer e excised and
pooled for each anima l. Lymph nodes wer e pr epared a s single-cell su s-
pensions for each an imal by mechanica l disaggrega t ion using fr ost ed
microscope slides. The samples were washed twice with PBS and pre-
cipita t ed in 5% t r ich loroacet ic acid (TCA) overn igh t . The following day,
cell su spensions were pellet ed (200g for 10 min), resuspended in 1 mL
TCA, and t ransfer red to 5 mL of scin t illa t ion cockta il. Test t ubes were
r insed with an addit iona l 1 mL TCA and added to scin t illa t ion via ls.
[3H]thymidine incorpora t ion was det ermined via bet a liquid scin t illa -
t ion coun t ing (LKB Wallac 1218 Rack Beta Liqu id Scin t illa t ion Coun ter )
and disin tegra t ions per m inu te for each mouse (dpm /2 nodes) were
ca lcu la t ed.
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Com bined S ensitization and Irritancy Assay 249

Statistics

Body weight s, percen t ear swelling, and lymph node prolifer a t ion da ta
were ana lyzed by one-way ana lysis of var iance (ANOVA). When sign i ® -
can t differences wer e det ect ed (p< 0.05), t est groups were compa red to
veh icle groups using Dunnet t ’s t est [14].

RESULTS

With the except ion of erythema and edema of the ea rs r esu lt ing from
chemica l exposu r e, a ll an ima ls appeared clin ica lly normal th roughout
the study. No changes in body weight s wer e seen between test a nd veh i-
cle groups, with the except ion of an imals in the high-dose benza lkonium-
ch lor ide±exposed group (da t a not shown).

Oxazolone caused signi ® can t increases in lymph node prolifera t ion
a t 0.01 and 0.025% but demonstr a t ed no ir r it ancy poten t ia l as mea-
su r ed by ea r swelling (Figure 1). Exposu re to DNFB resu lted in a dose-
r esponsive lymph node prolifera t ion with a peak r esponse occur r ing a t
0.15% (Figu re 2). The st rong ir r ita t ing poten t ia l of DNFB was demon-
st ra t ed by a dose-dependen t increase in ear swelling culmina t ing
in grea t er than 160% swelling a t a concen t ra t ion of 0.20%. Simi-
la r ly, TDI elicit ed dose-r esponsive increa ses in lymph node prolifer-
a t ion and ea r swelling a t concen t ra t ions up to and including 2.5%
(Figur e 3).

FIGURE 1. Ear swellin g and lymph node cell prolifera t ion following oxazolone exposu re. Data are

expressed a s group mea ns § st anda rd error ; n = 5 mice/group. Double ast er isks indica te st a t ist ica l

signi ® cance from vehicle cont rols (VH) a t a = 0.01 using Dunnet t ’s t est .
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250 M . R. Woolh iser et al.

FIGURE 2. Ea r swellin g and lymph node cell prolifera t ion following DNFB exposure. Da ta a re

expressed as group means § st anda rd error ; n = 5 mice/group. Ast er isks indica te st a t ist ica l sign if-

ica nce from vehicle con t rols (VH) at a = 0.05 (single aster isk) or a = 0.01 (double a st er isk) using

Dunnet t ’s t est .

The st rong ir r ita n t croton oil elicited pronounced elevat ions in ear
swelling a t a ll concen tr a t ions test ed with a dose-responsive increase
up to 0.25% (Figure 4). A dose-dependen t increase in lymphocyte pro-
lifera t ion was seen up to and including 0.1% croton oil a nd reached
a pla t eau a t a level near ly 6-fold grea ter than veh icle-t rea ted m ice.
Tetr adecane exposu re r esu lted in sign i ® can t ir r it a t ion as evidenced by

FIGURE 3. Ear swelling and lymph node cell proliferat ion following TDI exposure. Da ta a re ex-

pressed as group mean s § st andard er ror ; n = 5 mice/group. Ast er isks indica te st a t ist ica l sign if-

ica nce from vehicle cont rols (VH) a t a = 0.05 (sin gle a st er isk) or a = 0.01 (double aster isk) using

Dunnet t ’s t est .
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Com bined S ensitization and Irritancy Assay 251

FIGURE 4. Ea r swellin g and lymph node cell proliferat ion following croton oil exposu re. Da ta are

expressed as group means § st andard er ror ; n = 5 mice/group. Double aster isks indica te st a t ist ica l

signi ® cance from vehicle cont rols (VH) a t a = 0.01 using Dunnet t ’s t est .

dose-r esponsive ea r swelling (Figure 5). Low bu t sta t ist ica lly sign i® can t
increases in lymph node prolifera t ion occur r ed following 30, 40, and 50%
tet radecane tr ea tmen t . Benza lkonium ch loride elicit ed dose-responsive
ir r ita t ion tha t peaked a t 5%, resu lt ing in grea t er than 114% ea r swelling
(Figur e 6). Lymph node prolifera t ion in these an imals peaked following
2% benza lkonium ch lor ide applica t ions and fell t o nonsigni ® can t levels

FIGURE 5. Ea r swellin g and lymph node cell proliferat ion following tet r adeca ne exposure. Data

a re expressed a s group mea ns § st anda rd er ror ; n = 5 mice/group. Aster isks indica te st a t ist ica l

signi ® cance from veh icle cont rols (VH) at a = 0.05 (single ast er isk) or a = 0.01 (double aster isk)

u sing Dunnet t ’s t est .
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252 M . R. Woolh iser et al.

FIGURE 6. Ea r swelling and lymph node cell proliferat ion following benza lkonium chlor ide expo-

su re. Data a re expressed a s group means § st andard er ror ; n = 5 mice/group. Aster isks indica te

st a t ist ica l signi® cance from vehicle con t rols (VH) at a = 0.05 (single a st er isk) or a = 0.01 (double

aster isk) using Dunnet t ’s t est .

a t a concen t ra t ion of 5%. The fa ll in prolifera t ive response following ex-
posu re to 5% benza lkonium ch lor ide coincided with a 19.7% body weigh t
loss, suggest ing toxicity a t t h is dose level.

The ir r it an t s SLS and nonanoic a cid elicited dose-dependen t in -
crea ses in ear swelling with no effect levels a t 10% (Figu res 7 and 8).

FIGURE 7. Ear swelling and lymph node cell prolifera t ion following SLS exposure. Data a re ex-

pressed a s group mea ns § st andard er ror ; n = 5 mice/group. Aster isks indica te st a t ist ica l signi ® -

cance from vehicle con t rols (VH) at a = 0.05 (single a st er isk) or a = 0.01 (double aster isk) using

Dunnet t ’s t est .
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FIGURE 8. Ear swelling and lymph node cell proliferat ion following nonanoic a cid exposure. Data

a re expressed as group mea ns § st andard er ror ; n = 5 mice/group. Double ast er isks indica te st a -

t ist ica l signi ® can ce from vehicle cont rols (VH) a t a = 0.01 u sing Dunnet t ’s t est .

A low bu t sta t ist ica lly sign i ® can t lymph node prolifera t ion was seen in
an imals exposed to 40% SLS (Figu re 7). Nonanoic acid elicited dose-
dependen t and sta t ist ica lly signi ® can t increa ses in lymph node prolif-
era t ion, a lthough maximum prolifera t ion was not above 250 dpm
(Figur e 8).

DISCUSSION

The chem ical a llergens DNFB, TDI, and oxazolone were iden t i ® ed a s
poten t sensit izers using the combined assay. In addit ion, elevat ions in
ear thickness following exposu r e to DNFB and TDI were consist en t
with their known irr it a t ion poten t ia l. The chem ical ir r ita n ts SLS, cr o-
ton oil, t et r adecane, benza lkonium ch loride, and nonanoic acid a ll resu l-
t ed in sign i® ca nt ea r swelling following topica l applicat ion to the ea rs.
The irr it ancy poten t ia l of SLS in humans has repea t edly been r eport ed
[15±20]. Nonanoic a cid, croton oil, and benza lkonium ch loride have a lso
been iden t i® ed a s ir r it a nt s following human exposu r e [15, 16, 19, 21, 22].
Litera tu re regarding the ir r it ancy poten t ia l of tet ra decane, and other
n -a lkanes, in humans is lim ited; Moloney and Teal r eport ed ea r edema
following applica t ion to the ear s of m ice with 50% tet radecane [23].

The LLNA does not have the capacity to discr im ina te between non-
speci® c prolifera t ion and weak sensit izing ability of st ronger ir r it an t s.
SLS elicited a weak bu t st a t ist ically sign i ® can t posit ive lymph node r e-
sponse a t the h ighest concen tr a t ion t est ed (40%). Although a few ca se
r epor ts suggest ing SLS contact sensit ivity have been published [24, 25],
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254 M . R. Woolh iser et al.

SLS is considered an ir r ita n t by most r esearchers and dermatologist s.
Min ima l incr ea ses in lymph node prolifera t ion wer e a lso seen following
exposu r e to t et ra decane and nonanoic a cid. Croton oil, wh ich produced
severe ir r it a t ion, induced levels of lymph node prolifer a t ion consist en t
with tha t seen for contact sensit izer s. No lit era tu re was found, however,
regarding the sensit iza t ion poten t ia l of these th ree ir r it an t s (t et r a -
decane, nonanoic acid, and croton oil) in humans. Benza lkonium ch lo-
r ide elicit ed low, bu t dose-r esponsive and st a t ist ically sign i® ca n t lymph
node prolifera t ion a t concen t ra t ions tha t did not induce mea su rable ir-
r ita t ion . Fu r thermore, benza lkonium ch lor ide ha s been repor ted to be a
contact sensit izer [26±31].

It is hypothesized tha t minima l lymph node prolifera t ion may occur
following ir r it an t exposu re due to nonspeci® c Langerhans cell m igra-
t ion to dr a in ing lymph nodes. Ir r it a nt exposu re can a lso resu lt in necro-
sis, ker a t inocyte damage, mononuclear in ® lt r a te [16], and/or str a tum
corneum protein damage, wh ich a lt er s the skin ba r r ier [32]. Fu r ther-
more, ir r it a t ion can compromise cu t aneous bar r iers leading to TNF,
IL-1, and GM-CSF eleva t ions [33]. In kera t inocyte cu ltu res, ir r it an t s
have induced cytokines such as IL-1 a , TNF a , IL-8, and GM-CSF [34].
These cytokines can act as chemokines and inducer s of immune cell
funct ion. De® n it ive differ en t ia t ion of weak a llergens from chemica l ir-
r ita n ts may u lt ima tely depend on a combina t ion of endpoint s, including
cytokine pro® les or lymphocyte phenotyping.

The combined assay ha s been successfu lly used in th is labora tory
to t es t both complet e formula t ions of chem ical product s and individua l
componen t s to iden t ify ingredien t s responsible for adverse r esponses.
Th is methodology can reduce an imal usage, t ime, and therefore cost s
approxima tely 50% by test ing ir r it a t ion and sensit izat ion poten t ia l si-
mu lt aneously. Fu r thermore, s imult aneous eva lua t ion of ir r it a t ion and
sensit iza t ion may provide insigh t when in ter pret ing low-level lymph
node prolifer a t ion following chem ical exposur e. The combined sensit i-
za t ion/ir r it ancy assay appears to be a reliable predictor of sensit izat ion
and ir r it ancy poten t ia l, since it iden t i® ed the expect ed act ivity for a ll
eigh t chem ica ls t est ed. With fu r ther va lida t ion, t his assay could be used
as a rapid pr elim inary screen ing tool in the r esearch and developmen t
of new chemica l products.
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